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Abstract

In the fermentation ofl-glutamic acid byCorynebacterium glutamicum, the growth inhibition by the substrate (glucose) at higher con-
centrations, and by the product at almost all concentrations seem to occur. In order to identify the range of concentrations for substrate
limitation/inhibition, the experiments were conducted separately with different initial glucose concentrations. Proof of growth inhibition by
the product was established by analyzing the data obtained from the time course of batch fermentation. Based on the experimental observations,
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product inhibition model has been developed by modifying the Monod’s kinetic equation for cell growth. This model simulates th
atisfactorily. The same model is also able to describe the experimental data for growth ofC. glutamicumobtained from different investigato
2005 Elsevier B.V. All rights reserved.
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. Introduction

l-Glutamic acid (LGA) is commercially one of the most
mportant amino acids produced chiefly by fermentation pro-
ess. Its sodium salt, i.e. monosodiuml-glutamate (MSG) is
idely used as a flavour enhancer and the total estimated
orldwide production in 1996 was one million tons[1,2]. A

ecent survey indicates the annual production level of around
.5 million tons and at the moment, market is growing by
bout 6% per year[3]. Several strains ofCorynebacterium
ndBrevibacterium, now collectively known asCorynebac-
erium glutamicumare used for industrial production[4].

In a batch fermentation process, the growth of the cells
asses through a number of phases: lag phase, exponential
hase, stationary phase and decline phase. The exponential
nd stationary phases are explained by the relation where
pecific growth rate is a function of substrate concentration
like in Monod’s equation). Bona and Moser[5] reported that
he growth ofCorynebaterium glutamicumdoes not follow

∗ Corresponding author. Tel.: +91 1332 284253; fax: +91 1332 276535.

a simple Monod’s kinetics, the growth inhibition by pro
uct seems to occur plausibly and the production follow
“formal” analogy according to the S-inhibition or repress
type. Bona and Moser[6] attempted to model the growth ofC.
glutamicumunder biotin limitation with a number of equ
tions: bio(logistic) equation (their own modification of t
logistic model), modification of Monod’s model[7], and by
these modifications with various extensions for the lag ph
They concluded that the growth ofC. glutamicumcould be
satisfactorily represented only by using the various ex
sion terms proposed by them[6] and by Bergter and Knor
[8] for the lag phase, incorporated with the modification
Monod’s model[7] and bio(logistic) equation[6].

In the present work, a series of batch experiment
shake flasks were conducted with different initial subs
(glucose) concentrations in order to identify its range for
itation and inhibition. The batch fermentation (forl-glutamic
acid production) was carried out in a bioreactor with in
glucose concentration, which was substrate limiting. P
uct inhibition was established after analyzing the time co
of batch fermentation data obtained from the bioreactor.
E-mail address:nskhan786@rediffmail.com (N.S. Khan). product inhibition model has been developed for simulation
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Nomenclature

X biomass (cell) concentration (g l−1)
X0 initial biomass (cell) concentration (g l−1)
Xmax maximum biomass (cell) concentration (g l−1)
S0 initial substrate concentration (g l−1)
P0 initial product concentration (g l−1)
Pmax maximum product (l-glutamic acid) concen-

tration (g l−1)
t time (h)
dX/dt biomass (cell) growth rate (g l−1 h−1)
YX/S yield coefficient (biomass from substrate)

(g g−1)
YP/x yield coefficient (product from biomass)

(g g−1)
YPS yield coefficient (product from substrate)

(g g−1)
µ specific growth rate (h−1)
µmax maximum specific growth rate (h−1)
KS Monod growth constant for the substrate

(g l−1)
F F-distribution
i experimental data points, 1 ton
j process variables, 1 tom
n number of experimental data points
m number of process variables
Sj the variance of the error of residues

Greek symbols
η toxic power
∆ij difference between the model and experimen-

tal values
∆̄j mean standard deviation
λ the statistics

of the growth ofC. glutamicum. Attempts have also been
made to simulate the experimental growth data generated
from Bona and Moser[9], and from Zhang et al.[10]. It is
assumed that the growth is limited by the substrate (glucose):
other components of the medium are in surplus and have no
effects on fermentation kinetics.

2. Materials and methods

2.1. Microorganisms and inoculum

Corynebacterium glutamicumMTCC 2745 (wild type)
supplied from the Microbial Type Culture Collection
IMTECH Chandigarh, India was used in the present study.
Inoculum (seed culture) was prepared by transferring cells
from agar slant into 500 ml Erlenmeyer shake flask, contain-
ing 100 ml of the culture medium.

2.2. Agar slant and seed culture medium

The constitution of the medium for preparing agar slant
was (g l−1): beef extract, 1; yeast extract, 2; peptone, 5;
sodium chloride, 5; agar, 15. pH was kept at 7.0 and incu-
bated at 30◦C for at least three days depending upon the
growth of the culture. The slants were preserved at 4◦C, and
subcultured twice a month.

Seed culture medium was used with the composition
(g l−1): glucose, 50; urea, 5; corn steep liquor (CSL),
5 (ml l−1); K2HPO4, 1; KH2PO4, 1; MgSO4·7H2O, 0.4;
FeSO4·7H2O, 0.01; MnSO4 H2O, 0.01; biotin (5�g l−1); thi-
amin HCl (80�g l−1). Biotin, thiamine–HCl and urea were
sterilized by membrane filter (0.2�m, Schleicher & Schull,
Germany), whereas glucose and minerals were sterilized sep-
arately by autoclaving at 15 psi (121◦C) for 15 min. All
components were mixed together aseptically. The initial pH
was adjusted to 7.0 with potassium hydroxide and hydrochlo-
ric acid. The culture was incubated and shaken at 30◦C for
18 h in an orbital shaking incubator (CIS-24, Remi, India) at
120 rpm before transferring to the production medium.

2.3. Production medium (batch fermentation)

The composition of the production medium was same as
the seed culture medium but without corn steep liquor; urea
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nd biotin concentrations were 8 g l−1 and 1�g l−1, respec
ively. Temperature, pH and sterilization conditions were
he same. Batch fermentation was conducted in a 2 l bio
or (Biostat M, B. Braun, Germany) with a working volum
f 1.8 l. The fermentation medium was inoculated with
f the inoculum. pH and foaming were controlled with 2
f ammonia solution and 10% solution of a commer
ntifoam, respectively. Dissolved oxygen tension was
t 30% of air saturation.

.4. Separation of biomass (cells)

Cells were separated from the rest of the broth by u
table top centrifuge (R-24, Remi, India) at 10,000 rpm
min. The clear supernatant was carefully decanted from
entrifuge tubes for analysis of sugar andl-glutamic acid.

.5. Analytical methods

.5.1. Estimation of cells
Bacterial growth was estimated by measuring the op

ensities (absorbance) at 610 nm with the help of a s
rophotometer (Lambda 35, Perkin-Elmer, USA) betwee
bsorbance 0.2 and 0.9 with the Beer’s law being follow
henever required the samples were diluted with double

illed water for the attainment of desired range of absorba
or estimation of cell dry weight (CDW), a known volum
f the sample with the known absorbance was filtere
filtration membrane (0.45�m, Millipore, USA). Retaine

iomass was washed twice with double distilled water,
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thereafter, dried in an oven at 110◦C for 8 h [11]. The dif-
ferential weight of the membrane gives the dry weight of
cells. A standard graph was plotted for cell dry weight versus
absorbance for further estimation of CDW.

2.5.2. Estimation of glucose andl-glutamic acid
Glucose was estimated by DNS method[12], while LGA

was estimated by copper complex method[13] as also dis-
cussed in EICA[14].

2.6. Inhibition studies

2.6.1. Substrate (glucose) inhibition
In order to establish the proof of growth limitation and/or

inhibition by the substrate (glucose) and the ranges of the con-
centrations in which they occur, a number of shake flask (Erl-
enmeyer, 500 ml) experiments were carried out with 50 ml
of the fermentation medium, containing 2% of inoculum.
Initial glucose concentration range was kept at 10–350 g l−1.
All other conditions of fermentation were the same. Samples
were withdrawn from the incubator as the whole flask at
desired time intervals and 0.5 ml of formaldehyde (37–40%,
w/v) was added immediately to the flask and shaken well in
order to inactivate the cells. The absorbance (optical densi-
ties) for cell growth was measured at 610 nm for starting few
hours of fermentation and the data so obtained were plotted
a
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Fig. 2. Effect of initial glucose concentrations on the growth ofCorynebac-
terium glutamicum.

glucose concentrations. Up to 50 g l−1, the growth slightly
increases with increasing substrate concentrations and that
inhibition is not visible. Here, the substrate limitation may be
thought of dominating. Above 50 g l−1, the growth appears to
decrease with the increasing glucose concentrations (Fig. 2).
If we further go on increasing the initial glucose concen-
tration, a point may be arrived at which the growth will be
completely inhibited. The severe effect of growth inhibition
has been shown byFig. 3. Here, the growth is not visible
when the initial glucose concentration is 350 g l−1.

In Fig. 4, the specific growth rate is continuously decreas-
ing with the increasingl-glutamic acid concentration and
becomes almost zero when the product concentration is high-
est at about 12 g/l. This shows that the cell growth is inhibited
by the product. Bergter and Knorre[8] also arrived at the same
conclusion through this approach. It may be that in the begin-
ning when the product concentration is negligible or less the
inhibition is not visible. As the acid accumulates the mag-
nitude of inhibition gradually increases. The specific growth
rate continuously decreases and becomes zero at the maxi-
mum concentration ofl-glutamic acid. Here, the decrease is
almost linear as evident fromFig. 4.

3.2. Model development

isms
i te

F -
t

gainst time for different initial glucose concentrations.

.6.2. Product (l-glutamic acid) inhibition
To study the growth inhibition by the product, the spec

rowth rates were calculated from the data obtained from
ime course of batch fermentation, and plotted agains
espective product concentrations.

. Results and discussions

.1. Inhibition studies

Fig. 1 shows the plots of optical density of the bro
t 610 nm against the fermentation time for different in

ig. 1. Effect of initial glucose concentrations on the growth ofCorynebac
erium glutamicum.
In fermentation processes, the growth of microorgan
s a very complex phenomenon. The specific growth raµ

ig. 3. Effect of initial glucose concentrations on the growth ofCorynebac
erium glutamicum.
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Fig. 4. Effect of product (l-glutamic acid) concentrations on the specific
growth rate ofCorynebacterium glutamicum.

is usually expressed as a function of the limiting substrate
concentrationSby a Monod type relationship:

µ = µmaxS

KS + S
(1)

whereµmax andKS are the maximum specific growth rate
and saturation constant (Monod constant), respectively. The
above equation is only applicable when the presence of sub-
strate and product do not have any toxic (inhibitory) effects
on growth. In order to demonstrate the inhibitory effect of the
product, the Eq.(1) may be written as:

µ = f (S, P) (2)

The specific growth rate, therefore, can be represented by the
equation:

µ = µobs
S

KS + S
(3)

whereµobs is the maximum specific growth rate observed
in the presence of inhibitory effects of substrate (S) and/or
product (P). It depends on the concentrations of both or one
based on the type of inhibition involved during the growth of
the cells.

In the present study, an initial glucose concentration of
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For the growth ofC. glutamicum, the Monod’s Eq.(1) un-
der product inhibition conditions can be modified as follows:

µ = µmaxS

KS + S

(
1 − P

Pmax

)η

(5)

The final kinetic equation for growth is given below:

dX

dt
= µmaxS

KS + S

(
1 − P

Pmax

)η

X (6)

3.3. Estimation of model parameters

The optimal values of the parameters of the models are
estimated by non-linear regression technique[16] with the
help of computer programmes[17,18]. Model predictions
for the differential equations were made by a software pack-
age “Polymath” version 5.1 (CACHE Corpn., USA) using
the method RKF45. The optimization programme for direct
search of the minimum of a multivariable function was based
on the original method of Rosenbrock[19]. For minimizing
the difference between the model generated values and the
corresponding experimental data, the criterion of weighted
sum of squares of residuals was used[17,18,20,21]:

SSWR=
n∑

i=1

m∑
j=1

∆2
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w2
j

(7)
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imitation (Fig. 1). Gradual decrease of specific growth r
ith increasing product concentration is an indication of
rowth inhibition by the product (Fig. 4). Based on thes
bservations one can proceed with the concept of sub

imitation along with product inhibition. This is the situati
here both the substrate availability and the product
ition effect the specific growth rate. For such conditio
evenspiel[15] proposed a generalized equation to acc

or the influence of product inhibition:

obs = µmax

(
1 − P

Pmax

)η

(4)

herePmax is the maximum product concentration at wh
he growth is completely inhibited andη is the toxic power.
here SSWR is the sum of squares of weighed residun
ndm denote the number of experimental data points

he number of process variables, respectively.wj is the max
mal weight of the variable and∆ij represents the differen
etween the model and the experimental value of thejth vari-
ble in theith experimental point.

The method recommended by Bard[16] was used fo
he evaluation of the degree of reliability of the hypot
is concerned with the model pertaining to the growth oC.
lutamicumin l-glutamic acid fermentation. The hypoth
is, whether the estimate of parameters guarantees th
ean deviation between the model and experimental dat

ested. The mean standard deviation (∆̄j) of the variable wa
alculated as follows:

¯
j = 1

n
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i=1

∆ij; j = 1, m (8)

he variance of the error of residues (Sj) was further estimate
s:

j = 1

n − 1
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(∆ij − ∆̄j)
2; j = 1, m (9)

he statistic ‘λ’ defined as:
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as theFm,n−m distribution and is used to find out the sta
ical adequacy for acceptance of the model.
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Fig. 5. Plot of simulation for growth ofCorynebacterium glutamicum
according to product inhibition model.

Fig. 6. Plot of simulation for growth ofC.glutamicum(lab. data[10]) accord-
ing to product inhibition model.

The graphical results of modeling for the growth ofC.
glutamicumwith our experimental data and those of Bona
and Moser[9], and Zhang et al.[10] are shown inFigs. 5–7.
The experimental data and the kinetic parameters are given
in Tables 1 and 2, respectively.

Fig. 5is showing good agreement of the experimental data
with the model. The statistic ‘λ’ is 6.77. This is lower than
the value obtained forF1,18in theF-table for 99% confidence
level.. All these evidences establish the accuracy of optimized

Fig. 7. Plot of simulation for growth ofC. glutamicum(lab. data, Bona and
Moser, 1997c) according to product inhibition model.

Table 1
Experimental data

Data source Initial (g l−1) Final (g l−1) Figures

Present work X0 = 0.164 Xmax= 3.88 Fig. 5
P0 = 0.00 Pmax= 11.529
S0 = 49.87 Sfinal = 25.1

Zhang et al.[10] X0 = 0.012 Xmax= 2.555 Fig. 6
P0 = 0.000 Pmax= 0.3045
S0 = 1.305 Sfinal = 0.225

Bona and Moser (1997c) X0 = 1.6 Xmax= 10.85 Fig. 7
P0 = 0.0 Pmax= 32.74
S0 = 99.7 Sfinal = 7.78

Note:For Figs. 6 and 7, it was assumed that value ofP corresponding to
Xmax as used by the workers isPmax.

parameters and validity of the model for the growth ofC.
glutamicumin the present work.

Fig. 6 represents the modeling of laboratory data for
growth, generated from Fig. 1A of Zhang et al.[10]. It is
clear from the graph (Fig. 6) that the laboratory data[10]
for growth agree with the product inhibition model under the
optimized values of model parameters as shown inTable 2.
The statistic ‘λ’ is 0.59, which is less than the ‘F1,8’ value
(obtained fromF-table) for 95% confidence. This establishes
the accuracy of the product inhibition model used for the
growth ofl-glutamic acid producing bacteria. Here the ini-
tial glucose concentration obtained from Fig. 1B of[10] is
very low (1.305 g l−1), and as a result of that substrate lim-
itation and product inhibition may be thought of prevailing
and the data are modeled satisfactorily by the present model.

Modeling of experimental data for growth, generated from
Fig. 11 of Bona and Moser[9] is shown inFig. 7. A series
of computer simulations were done in order to determine the
values of kinetic parameters for the best simulating graph.
Fig. 7shows initial deviation from the model, which contin-
ues up to about 18 h of fermentation. After that the data agree
well with the model. This may be due to high initial concen-
tration of glucose (i.e. 100 g l−1) used by Bona and Moser[9]
causing substrate inhibition at the beginning of fermentation.
As the concentration comes down within the substrate limita-
tion range the product inhibition model is followed. At 18 h of
f -
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m

ermentation, the concentration is about 46.89 g l−1 as calcu

able 2
arameters for dynamic simulations

arameters for Model parametersY’s (g g−1) Figures

resent work µmax= 0.21 h−1 YX/S= 0.149 Fig. 5
KS= 0.8 g l−1 YP/x = 3.216
η = 1 YPS= 0.48

hang et al.[10] µmax= 0.534 h−1 YX/S= 2.354 Fig. 6
KS= 0.5748 g l−1 YP/x = 0.119
η = 1 YPS= 0.2819

ona and Moser (1997c) µmax= 0.26 h−1 YX/S= 0.10065 Fig. 7
KS= 5 g l−1 YP/x = 3.539
η = 1 YPS= 0.356

ote: Y’s have been calculated macroscopically directly from the ex
ental data.
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lated from Fig. 1 of[9]. This concentration comes in the range
of substrate limitation (as observed from our investigation,
Fig. 1). Under these conditions of substrate concentrations,
the model is able to describe the experimental growth data of
Bona and Moser[9].

4. Conclusions

The growth ofCorynebacterium glutamicumdoes not fol-
low a simple Monod’s kinetics. Growth inhibition by the
product (l-glutamic acid) occurs during fermentation. Sub-
strate (glucose) limitation at lower concentration and inhi-
bition at higher concentrations are exhibited against growth.
Modified form of Monod’s equation along with product inhi-
bition term proposed by Levenspiel[15] is able to define
the growth kinetics at lower substrate concentrations. For
higher substrate concentrations when substrate inhibition
also occurs, the present modified model appears to fail. At
very high concentrations, like 350 g l−1 of glucose, growth is
almost zero, which may be due to severe substrate inhibition.

References

[1] H. Kumagai, Microbial production of amino acids in Japan,
er-

erg,

Fau-
logy,

: J.
eer-
erg,

n
-

[6] R. Bona, A. Moser, Modeling of growth ofCorynebacterium glutam-
icum under biotin limitation, Bioprocess Eng. 17 (1997) 121–125.

[7] S. Yamashita, H. Hoshi, T. Inagaki, Automatic control and opti-
mization of fermentation processes. Glutamic acid, in: D. Perlman
(Ed.), Fermentation Advances, Academic Press, New York, 1969,
pp. 441–463.

[8] F. Bergter, W. Knorre, Computer simulation of growth and
product formation inSaccharomyces cerevisiae(Computersimula-
tion von Wachstum und Produktbildung beiSaccharomyces cere-
visiae), Zeitschrift Fur Allgemeine Mikrobiologie 12 (1972) 613–
629.

[9] R. Bona, A. Moser, Modelingl-glutamic acid production with
Corynebacterium glutamicumunder biotin limitation, Acta Biotech-
nol. 17 (1997) 327–337.

[10] X.-W. Zhang, T. Sun, Z.-Y. Sun, X. Liu, D.-X. Gu, Time-dependent
kinetic models for glutamic acid fermentation, Enzyme Microb.
Technol. 22 (1998) 205–209.

[11] C.H. Posten, C.L. Cooney, Growth of microorganisms, in: J.H.
Rehm, G. Reed (Eds.), Biotechnology, vol. 1, VCH, Germany, 1993,
pp. 111–162.

[12] G.L. Miller, Use of DNS reagent for determination of reducing sugar,
Anal. Chem. 31 (1959) 426–428.

[13] J.R. Spies, An ultraviolet spectrophotometric micromethod for study-
ing protein hydrolysis, J. Biol. Chem. 195 (1952) 65–74.

[14] F-D. Snell, L.S. Ettre (Eds.), Encyclopedia of Industrial Chemical
Analysis (EICA), vol. 8, Interscience Publishers, John Wiley & Sons,
Inc., New York, 1969, p. 433.

[15] O. Levenspiel, The Monod equation: a revisit and a generaliza-
tion to product inhibition situations, Biotechnol. Bioeng. 22 (1980)
1671–1687.

[16] Y. Bard, Nonlinear Parameter Estimation, Academic Press, New

[ enta-
ation

[ tion

[ st or

[ el of

[ use
J.
in: A. Fiecheter (Ed.), Advances in Biochemical Engine
ing/Biotechtechnology, vol. 69, Springer-Verlag, Berlin Heidelb
2000, pp. 71–85.

[2] M. Ikeda, Amino acids production processes, in: J. Thommel, R.
rie (Eds.), Advances in Biochemical Engineering./Biotechtechno
vol. 79, Springer-Verlag, Berlin Heidelberg, 2003, pp. 1–35.

[3] T. Hermann, Indutrial production of amino acids byCoryneform
bacteria, J. Biotechnol. 30 (2003) 1–18.

[4] K. Kimura, Metabolic engineering of glutamate production, in
Thommel, R. Faurie (Eds.), Advances in Biochemical Engin
ing/Biotechtechnology, vol. 79, Springer-Verlag, Berlin Heidelb
2003, pp. 37–57.

[5] R. Bona, A. Moser, Modeling of thel-glutamic acid productio
with Corynebacterium glutamicumunder biotin limitation, Biopro
cess Eng. 17 (1997) 139–142.
York, 1974.
17] J. Votruba, Practical aspects of mathematical modeling of ferm

tion processes as a method of description, simulation, identific
and optimization, Acta Biotechnol. 2 (1982) 119–126.

18] B. Volesky, J. Votruba, Modeling and Optimization of Fermenta
Processes. Amsterdam, The Netherlands, 1992.

19] H.H. Rosenbrock, An automatic method for finding the greate
the least value of a function, Comput. J. 3 (1960) 175–184.

20] S. Pazoutova, J. Votruba, Z.A. Rehacek, A mathematical mod
growth and alkaloid production in the submerged culture ofClavi-
ceps purpurea, Biotech. Bioeng. 23 (1981) 2837–2849.

21] R.N. Giridhar, A.K. Srivastava, Mathematical modeling and its
for design of feeding strategies forl-sorbose fermentation, Can.
Chem. Eng. 79 (2001) 349–355.


	Modeling the growth of Corynebacterium glutamicum under product inhibition in l-glutamic acid fermentation
	Introduction
	Materials and methods
	Microorganisms and inoculum
	Agar slant and seed culture medium
	Production medium (batch fermentation)
	Separation of biomass (cells)
	Analytical methods
	Estimation of cells
	Estimation of glucose and l-glutamic acid

	Inhibition studies
	Substrate (glucose) inhibition
	Product (l-glutamic acid) inhibition


	Results and discussions
	Inhibition studies
	Model development
	Estimation of model parameters

	Conclusions
	References


