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Abstract

In the fermentation of-glutamic acid byCorynebacterium glutamicunthe 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
a product inhibition model has been developed by modifying the Monod’s kinetic equation for cell growth. This model simulates the growth
satisfactorily. The same model is also able to describe the experimental data for gr@vtgilaamicunobtained from different investigators.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction a simple Monod’s kinetics, the growth inhibition by prod-
uct seems to occur plausibly and the production follows a
L-Glutamic acid (LGA) is commercially one of the most “formal” analogy according to the S-inhibition or repression
important amino acids produced chiefly by fermentation pro- type. Bona and Mosé¢6] attempted to model the growth Gf
cess. Its sodium salt, i.e. monosodiurglutamate (MSG) is glutamicumunder biotin limitation with a number of equa-
widely used as a flavour enhancer and the total estimatedtions: bio(logistic) equation (their own modification of the
worldwide production in 1996 was one million tofis2]. A logistic model), modification of Monod’s modgt], and by
recent survey indicates the annual production level of aroundthese modifications with various extensions for the lag phase.
1.5 million tons and at the moment, market is growing by They concluded that the growth &f. glutamicumcould be
about 6% per yeal3]. Several strains oforynebacterium  satisfactorily represented only by using the various exten-
andBrevibacteriumnow collectively known a€orynebac- sion terms proposed by thei@] and by Bergter and Knorre
terium glutamicunare used for industrial productid4]. [8] for the lag phase, incorporated with the modifications of
In a batch fermentation process, the growth of the cells Monod’s mode[7] and bio(logistic) equatiof6].
passes through a number of phases: lag phase, exponential In the present work, a series of batch experiments in
phase, stationary phase and decline phase. The exponentiahake flasks were conducted with different initial substrate
and stationary phases are explained by the relation where(glucose) concentrations in order to identify its range for lim-
specific growth rate is a function of substrate concentration itation and inhibition. The batch fermentation (feglutamic
(like in Monod's equation). Bona and Mogéi reported that ~ acid production) was carried out in a bioreactor with initial
the growth ofCorynebaterium glutamicumoes not follow glucose concentration, which was substrate limiting. Prod-
uct inhibition was established after analyzing the time course
* Corresponding author. Tel.: +91 1332 284253; fax: +91 1332 276535, Of batch fermentation data obtained from the bioreactor. The
E-mail addressnskhan786@rediffmail.com (N.S. Khan). product inhibition model has been developed for simulation
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2.2. Agar slant and seed culture medium
Nomenclature

The constitution of the medium for preparing agar slant

§ il?wlﬁirglat?izr(r?;!iigglcl:)e:ct)ﬁg)nntrgilén @ was (g?1): beef extract, 1; yeast extract, 2; peptone, 5;

XO maximum biomass (cell) concentration (3} sodium chloride, 5; agar, 15. pH was kept at 7.0 and incu-

Somax initial substrate concentration (g) bated at 30C for at least three days depending upon the
o : growth of the culture. The slants were preserved& Zand

Po initial product concentration (gt

subcultured twice a month.

Seed culture medium was used with the composition
(g171): glucose, 50; urea, 5; corn steep liquor (CSL),
5 (mlI=1); KoHPQy, 1; KHoPQy, 1; MgSQ;-7H,0, 0.4;
FeSQ-7H,0, 0.01; MnSQ H,0, 0.01; biotin (5ug 17 1); thi-

1 amin HCI (80u.g 1~1). Biotin, thiamine—HCI and urea were
v (?e?; )coefficient (product from biomass sterilized by membrane filter (O, Schleicher & Schull,
Pix y P Germany), whereas glucose and minerals were sterilized sep-

Pmax ~ maximum producti(-glutamic acid) concen-
tration (g 1)

t time (h)

dX/dt  biomass (cell) growth rate (gt h=1)

Yxis yield coefficient (biomass from substrate

(999 aratel i i [
X - y by autoclaving at 15psi (12€) for 15min. All
Yps y|eld1 coefficient (product from substrate components were mixed together aseptically. The initial pH
@ g ) was adjusted to 7.0 with potassium hydroxide and hydrochlo-
® speqﬂc growth _rfgte (hl)th te ric acid. The culture was incubated and shaken &C3fbr
llémax maxm;um Speﬁ' Ic grow r? € h) bstrate 181N an orbital shaking incubator (CIS-24, Remi, India) at
S (g?[]f) growth constant for the substratg 120 rpm before transferring to the production medium.

experimental data points, 1 fo 2.3. Production medium (batch fermentation)

F F-distribution
[
] process variables, 1 ta

The composition of the production medium was same as

n number of experimental data points ) . . .

i the seed culture medium but without corn steep liquor; urea
m number of process variables and biotin concentrations were 8dland 1ugl—1, respec-
S the variance of the error of residues wg' . resp

tively. Temperature, pH and sterilization conditions were also
the same. Batch fermentation was conducted in a 2| bioreac-

Greek symbols X , )
tor (Biostat M, B. Braun, Germany) with a working volume

toxic power
nAi_ differgnce between the model and experimeh- of 1.81. The fermentation medium was inoculated with 2%
) tal values of the inoculum. pH and foaming were controlled with 25%
7 ot of ammonia solution and 10% solution of a commercial
Aj mean standard deviation _ _ - 0 )
A the statistics antifoam, respectively. Dissolved oxygen tension was kept

at 30% of air saturation.

2.4. Separation of biomass (cells)
of the growth ofC. glutamicum Attempts have also been

de to simulate th i tal th dat ted ! . )
made fo simuiae e expermenta’ growth data generate a table top centrifuge (R-24, Remi, India) at 10,000 rpm for

from Bona and Mosef9], and from Zhang et a[10]. It is 5 min. The cl tant fllv ted from th
assumed that the growth is limited by the substrate (glucose): min. The clear supernatantwas careiully decanted from the
centrifuge tubes for analysis of sugar andlutamic acid.

other components of the medium are in surplus and have no
effects on fermentation kinetics.

Cells were separated from the rest of the broth by using

2.5. Analytical methods

2.5.1. Estimation of cells

2. Materials and methods Bacterial growth was estimated by measuring the optical
_ _ _ densities (absorbance) at 610 nm with the help of a spec-
2.1. Microorganisms and inoculum trophotometer (Lambda 35, Perkin-Elmer, USA) between the

absorbance 0.2 and 0.9 with the Beer's law being followed.
Corynebacterium glutamicuTCC 2745 (wild type)  whenever required the samples were diluted with double dis-
supplied from the Microbial Type Culture Collection tjlled water for the attainment of desired range of absorbance.
IMTECH Chandigarh, India was used in the present study. For estimation of cell dry weight (CDW), a known volume
Inoculum (seed culture) was prepared by transferring cells of the sample with the known absorbance was filtered by
from agar slant into 500 ml Erlenmeyer shake flask, contain- g filtration membrane (0.45m, Millipore, USA). Retained
ing 100 ml of the culture medium. biomass was washed twice with double distilled water, and



N.S. Khan et al. / Biochemical Engineering Journal 25 (2005) 173-178 175

thereafter, dried in an oven at 110 for 8 h[11]. The dif- 3
. . . . —e—Glucose, 50 g/
ferential weight of the membrane gives the dry weight of = —+—Glucose, 60 g/
cells. A standard graph was plotted for cell dry weight versus Dl eendits
absorbance for further estimation of CDW. O 2 o s an
[]
(%)
2.5.2. Estimation of glucose ameglutamic acid E
Glucose was estimated by DNS mettj@d], while LGA 5 11
was estimated by copper complex metltd] as also dis- P
cussed in EICA14].
0 .
I . 0 4 8 12
2.6. Inhibition studies Time (h)
2.6.1. Substrate (glucose) inhibition Fig. 2. Effect of initial glucose concentrations on the growtiCofynebac-

In order to establish the proof of growth limitation and/or  terium glutamicum
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 10-356 g
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- - S
ties) for cell growth was measured at 610 nm for starting few when the initial glucose concentration is 3504

. . In Fig. 4, the specific growth rate is continuously decreas-
hours of fermentation and the data so obtained were plotteding with the increasing.-glutamic acid concentration and
against time for different initial glucose concentrations.

becomes almost zero when the product concentration is high-
estat about 12 g/I. This shows that the cell growth is inhibited

To study the growth inhibition by the product, the specific by the pTOd“Ct' Bergte.r and Knor also arrived at.the same
. conclusion through this approach. It may be that in the begin-
growth rates were calculated from the data obtained from the _. S -
ning when the product concentration is negligible or less the

time course of batch fermentgtmn, and plotted against theinhibition is not visible. As the acid accumulates the mag-
respective product concentrations.

nitude of inhibition gradually increases. The specific growth
rate continuously decreases and becomes zero at the maxi-
mum concentration af-glutamic acid. Here, the decrease is
almost linear as evident froffig. 4.

glucose concentrations. Up to 507 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 gi, the growth appears to
decrease with the increasing glucose concentratieigs 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 blig. 3. Here, the growth is not visible

2.6.2. Producti(-glutamic acid) inhibition

3. Results and discussions

3.1. Inhibition studies 3.2. Model development
Fig. 1 shows the plots of optical density of the broths

at 610 nm against the fermentation time for different initial In fermentation processes, the growth of microorganisms

is a very complex phenomenon. The specific growth rate

3 2.5
—e—Glucose, 10 g/l —2— Glucose, 200 g/l
~ 25 1 —O-Glucose, 20 g/l —_ —0— Glucose, 250 g/l
g " —a—Glucose, 30 g/l g 24 —a— Glucose, 300 g/l
[m] ——Glucose, 40 g/l (=] —— Glucose, 350 g/l
O 29| —~Glucose, 50 g1 )
3 8 1.5 -
c 1.5 c
] 1]
o a 11
[ P
o 11 o
3 3
< 05, < 051
0 T T T T T 0 T T T
0 2 4 6 8 10 12 0 5 10 15 20
Time (h) Time (h)
Fig. 1. Effect of initial glucose concentrations on the growti€ofynebac- Fig. 3. Effect of initial glucose concentrations on the growti€ofynebac-

terium glutamicum terium glutamicum
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0.25 For the growth ofC. glutamicumthe Monod’s Eq(1) un-
der product inhibition conditions can be modified as follows:
0.2 |
MmaxS p g
= 1- 5

,'_:0.15- ® K5+S( Pmax) ©)
B 0.1 The final kinetic equation for growth is given below:

0.05 dfx = Hmax5 1- P nX (6)

0
15 3.3. Estimation of model parameters

P (gI")
The optimal values of the parameters of the models are

Fig. 4. Effect of productr(—glutamic acﬁd) concentrations on the specific  astimated by non-linear regression technigL@ with the
growth rate ofCorynebacterium glutamicum help of computer programmd47,18] Model predictions
) ] o for the differential equations were made by a software pack-
is usually expressed as a function of the limiting substrate age “Polymath” version 5.1 (CACHE Corpn., USA) using
concentratiorsby a Monod type relationship: the method RKF45. The optimization programme for direct

search of the minimum of a multivariable function was based
(1) on the original method of Rosenbrofk9]. For minimizing

the difference between the model generated values and the
where umax andKs are the maximum specific growth rate corresponding experimental data, the criterion of weighted
and saturation constant (Monod constant), respectively. Thesum of squares of residuals was ug&d,18,20,21]
above equation is only applicable when the presence of sub- n m A
strate and product do not have any toxic (inhibitory) effects gg\wr— ZZJ @)
on growth. In order to demonstrate the inhibitory effect of the i 2
product, the Eq(1) may be written as:

_ MmaxS
= ks+s

where SSWR is the sum of squares of weighed residues.
uw= f(S, P) (2) and m denote the number of experimental data points and

N the number of process variables, respectivelyis the max-
The specific growth rate, therefore, can be represented by thgm g weight of the variable and;j; represents the difference

equation: between the model and the experimental value ojttheari-
S able in theith experimental point.
= Hobspr — 3 The method recommended by Baith] was used for
s

the evaluation of the degree of reliability of the hypothe-
where uops is the maximum specific growth rate observed sis concerned with the model pertaining to the growtiCof

in the presence of inhibitory effects of substras génd/or glutamicumin L-glutamic acid fermentation. The hypothe-
product P). It depends on the concentrations of both or one sis, whether the estimate of parameters guarantees the zero
based on the type of inhibition involved during the growth of mean deviation between the model and experimental data was

the cells. tested. The mean standard deviatigny)of the variable was
In the present study, an initial glucose concentration of calculated as follows:

50 g - has been used which comes in the range of substrate n

limitation (Fig. 1). Gradual decrease of specific growth rate Zj = *ZAU? j=1,m (8)

with increasing product concentration is an indication of the izl

growth inhibition by the productfig. 4). Based on these 1o ariance ofthe error of residu&)was further estimated
observations one can proceed with the concept of substrateas.

limitation along with product inhibition. This is the situation

where both the substrate availability and the product inhi- , 1 <~ = .o .
bition effect the specific growth rate. For such conditions, Si= n— 1;(A” — A% j=Lm ©)
Levenspiel[15] proposed a generalized equation to account _ .’_ _
for the influence of product inhibition: The statistic »’ defined as:
m A2
P\ (n —m)n 45
_ A=—"7""7->» — 10
Mobs = Mmax(l - Pmax> 4) (n—Lm ; s; (10)

wherePmay is the maximum product concentration at which has theFm n— m distribution and is used to find out the statis-
the growth is completely inhibited angis the toxic power. tical adequacy for acceptance of the model.
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Table 1
Experimental data
Data source Initial (g1')  Final (1) Figures
Present work Xo=0.164 Xmax=3.88 Fig. 5
Pp=0.00 Pmax=11.529
S =49.87 Sinal =25.1
Zhang et al[10] Xp=0.012 Xmax=2.555 Fig. 6
Po=0.000 Pmax=0.3045
$=1.305 Sina =0.225
Bona and Moser (1997c) Xo=1.6 Xmax=10.85 Fig. 7
Po=0.0 Pmax=32.74
$=99.7 Stinal =7.78

Fig. 5. Plot of simulation for growth ofCorynebacterium glutamicum
according to product inhibition model.

o X-exp

------ X-sim 0.--""®

0 #—szoii S . :
0 10 20 30

Time (h)

Fig. 6. Plotofsimulation for growth . glutamicunglab. dat410]) accord-
ing to product inhibition model.

The graphical results of modeling for the growth ©f
glutamicumwith our experimental data and those of Bona
and Mosel[9], and Zhang et a[10] are shown irFigs. 57

Note: For Figs. 6 and 7it was assumed that value Bfcorresponding to
Xmax as used by the workers Bax.

parameters and validity of the model for the growthGf
glutamicumin the present work.

Fig. 6 represents the modeling of laboratory data for
growth, generated from Fig. 1A of Zhang et HIO]. It is
clear from the graphHig. 6) that the laboratory datflO]
for growth agree with the product inhibition model under the
optimized values of model parameters as showTaible 2
The statistic A" is 0.59, which is less than thé-{ g’ value
(obtained fronf-table) for 95% confidence. This establishes
the accuracy of the product inhibition model used for the
growth of L-glutamic acid producing bacteria. Here the ini-
tial glucose concentration obtained from Fig. 1B[0] is
very low (1.305gt?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 MosdB] 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-

The experimental data and the kinetic parameters are given€S Up to about 18 h of fermentation. After that the data agree

in Tables 1 and 2Zrespectively.

Fig. 5is showing good agreement of the experimental data

with the model. The statistic\' is 6.77. This is lower than
the value obtained fd¥1 1gin theF-table for 99% confidence

well with the model. This may be due to high initial concen-
tration of glucose (i.e. 100 g#) used by Bona and Mos{g]
causing substrate inhibition at the beginning of fermentation.
As the concentration comes down within the substrate limita-

level.. All these evidences establish the accuracy of optimized tion range the productinhibition modelis followed. At 18 h of

fermentation, the concentration is about 46.89'cds calcu-

12
e X-exp e 1 00008600
.- e
------ X-sim e ®
. o
8 °
e °
5 .
~ °
x .
4 A . o
»" L]
R ..
yeoe®
0 T T
0 10 20 30

Time (h)

Fig. 7. Plot of simulation for growth of. glutamicunlab. data, Bona and

Moser, 1997¢) according to product inhibition model.

Table 2

Parameters for dynamic simulations

Parameters for Model parametersY’s (gg 1) Figures

Present work Umax=0.21h1 Yys=0.149 Fig. 5
Ks=0.8glt Ypix=3.216
n=1 Yps=0.48

Zhang et al[10] MUmax=0.534 1 Yys=2.354 Fig. 6
Ks=0.5748g1t1  Ypy=0.119
n=1 Yps=0.2819

Bona and Moser (1997¢) jtmax=0.26 1 Yys=0.10065 Fig. 7
Ks=5glt Ypix =3.539
n=1 Yps=0.356

Note: Ys have been calculated macroscopically directly from the experi-

mental data.
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lated from Fig. 1 0of9]. This concentration comesintherange [6] R. Bona, A. Moser, Modeling of growth a€orynebacterium glutam-
of substrate limitation (as observed from our investigation, icum under biotin limitation, Bioprocess Eng. 17 (1997) 121-125.
Fig. 1). Under these conditions of substrate concentrations, [7] S: Yamashita, H. Hoshi, T. Inagaki, Automatic control and opti-

the model is able to d ribe the experimental arowth data of mization of fermentation processes. Glutamic acid, in: D. Perlman
€ modelis able 1o describe the experimental gro atao (Ed.), Fermentation Advances, Academic Press, New York, 1969,

Bona and Mosef9]. pp. 441-463.
[8] F. Bergter, W. Knorre, Computer simulation of growth and
product formation inSaccharomyces cerevisig€omputersimula-
4. Conclusions tion von Wachstum und Produktbildung b8accharomyces cere-
visiag), Zeitschrift Fur Allgemeine Mikrobiologie 12 (1972) 613—
629.
[9] R. Bona, A. Moser, ModelingL-glutamic acid production with
Corynebacterium glutamicumnder biotin limitation, Acta Biotech-

The growth ofCorynebacterium glutamicudoes not fol-
low a simple Monod’s kinetics. Growth inhibition by the

product ¢-glutamic acid) occurs during fermentation. Sub- nol. 17 (1997) 327-337.
strate (glucose) limitation at lower concentration and inhi- [10] X.-W. Zhang, T. Sun, Z.-Y. Sun, X. Liu, D.-X. Gu, Time-dependent
bition at higher concentrations are exhibited against growth. kinetic models for glutamic acid fermentation, Enzyme Microb.

- ; . . L Technol. 22 (1998) 205-209.
Modified form of Monod’s equation along with product inhi [11] C.H. Posten, C.L. Cooney, Growth of microorganisms, in: J.H.

bition term proposed by LevenSpiEIS] is able to define Rehm, G. Reed (Eds.), Biotechnology, vol. 1, VCH, Germany, 1993,
the growth kinetics at lower substrate concentrations. For ~ pp. 111-162.

higher substrate concentrations when substrate inhibition[12] G.L. Miller, Use of DNS reagent for determination of reducing sugar,
also occurs, the present modified model appears to fail. At Anal. Chem. 31 (1959) 426-428. o

very high concentrations, like 350011 of glucose, growth is [13] J.R. Spies, An ultraviolet spectrophotometric micromethod for study-

. e ing protein hydrolysis, J. Biol. Chem. 195 (1952) 65-74.
almost zero, which may be due to severe substrate Inhlbltlon'[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.
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