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Abstract Lactic cultures were screened for their ability to
accumulate γ-aminobutyric acid (GABA) in the culture
medium. Lactobacillus bulgaricus CFR 2028 produced the
highest yields of GABA (22.7 mM) from the substrate
monosodium glutamate (MSG). Instrumental characteriza-
tion by high-performance liquid chromatography and struc-
tural characterization by mass spectrometry confirmed
GABA production by L. bulgaricus CFR 2028. The differ-
ential production of GABA in complex and minimal media
indicated that minimal medium (modified tryptone, yeast
extract and glucose; TYG) supported the highest production
of GABA (37 mM), thereby signifying that the acidic pH
alone could have a significant bearing on the yield of
GABA. This observation opens up avenues for the optimi-
zation of the medium components for yield maximization.
The biotransformation kinetics of MSG was examined in
batch experiments by varying initial MSG concentration (1–
5 %). The Monod model was fitted to determine the kinetic
parameters under the MSG uninhibited domain, and the
MSG inhibited domain was represented well by Briggs–
Haldane model.
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Nomenclature
GABA Gamma-aminobutyric acid
KI Briggs–Haldane inhibition constant (mM)
Ks Saturation constant (mM)
MCE Mercaptoethanol
[M+H]+ Hydrogen adduct of compound ‘M’
MSG Monosodium Glutamate
OPA Ortho-phthaladehyde
rs Rate of MSG consumption (mM/h)
rs,max Maximum specific rate of MSG consumption

(mM/h)
TEA Triethylamine

Introduction

Probiotics are beneficial microorganisms that have been
proven to contribute to human health by easing malnutrition
and infection and modulating the host’s gastrointestinal and
immune system. Probiotics have recently been recognized in
the field of neuromicrobiology for their ability to synthesize
neuroactive compounds that affect the host's gastrointestinal
and psychological health. Probiotics, upon ingestion, enter
an interactive environment comprising microbiological, im-
munological and neurophysiological components. They are
known to produce an array of neurochemicals for which
receptor-based targets on immune and neuronal elements
have been well-characterized (Lyte 2011). One important
neurochemical, γ-aminobutyric acid (GABA), has attracted
greater attention in recent times because GABA along with
glutamate known to modulate the overall excitability of the
central nervous system (CNS); consequently, these
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molecules are believed to be involved in all functions of the
CNS and in all CNS disease conditions. GABA is formed in
vivo from glutamate by the action of glutamate decarboxyl-
ase (GAD; EC 4.1.1.15). In addition to its neurotransmitter
function, GABA also plays physiological roles, such as
inducing insulin secretion from the pancreas (Adeghate
and Ponery 2002), effectively preventing diabetic conditions
(Hagiwara et al. 2004), treating inhibitory motor disorders
(Cho et al. 2007) and reducing blood pressure (Inoue et al.
2003). Due to these health benefits, the production of
GABA through biotechnological approaches has gained
considerable importance. Thus, GABA production both in
biotechnological and pharmaceutical fields has been stud-
ied. Biotransformation of glutamate to GABA by probiotics
may be a more selective method due to mild reaction con-
ditions, high catalytic efficiency, safety, lower cost and
environmental compatibility (Zhang et al. 2011). As a con-
sequence, the use of probiotics with GAD activity in GABA
production is thus being intensively investigated (Renye and
Somkuti 2012). The production of GABA has been reported
by Lactobacillus buchneri, isolated from kimchi (Cho et al.
2007), Lactococcus lactis subsp. lactis (Lu et al. 2009),
Lactobacillus brevis (Zhang et al. 2010), Lactobacillus
plantarum (Di Cagno et al. 2009) and probiotic NCL912
(Li et al. 2008).

Microbial production of GABA using lactic cultures is
well documented (Cho et al. 2007; Lu et al. 2009; Zhang et
al. 2011) but, only a few studies have focussed on the
dynamics of the reaction rate (Zhang et al. 2011). A variety
of kinetic substrate utilization and inhibition models are
available to describe microbial growth and product forma-
tion. Among these, the Monod and Haldane models are well
utilized, and although they are basically based on the spe-
cific growth rate, they can also be related to the specific rate
of substrate consumption (Agarry and Solomon 2008).

The aim of our study was to examine the efficacy of
lactic cultures isolated from traditional fermented foods
and the faecal matter of healthy breast-fed infants and of
cultures from the culture collection centres for GABA
production. In addition, there is a scarcity of detailed
studies on the evaluation of different fermentative media
for GABA production. Such studies are warranted from
the point of development of an economically viable pro-
cess. A secondary arm of our investigation was to study
the dynamics of the reaction rate when altered by changes
in initial monosodium glutamate (MSG) concentration
during the biotransformation of MSG to GABA. Our main
interest was to identify the inhibitory effect of MSG level
on GABA yields and to correlate the response of the
maximum specific rate of MSG consumption as a function
of its initial concentration. These predictions may be con-
sidered as the prior requirement for understanding any
biochemical system.

Materials and methods

Chemicals

Monosodium glutamate was procured from a local super-
market. GABA was procured from Sigma-Aldrich (Saint
Louis MO). All other chemicals used were of analytical
grade unless otherwise stated.

Microorganisms

Lactobacillus bulgaricus CFR 2028, L. salivarius CFR 2158,
L. amylovorus B-4437, L. helveticus B-4526, Lactococcus
cremoris B-634 and Enterococcus faecium CFR 3002 were
procured from the CFTRI culture collection centre, India; S1-2,
S4-3, S4-2, S7-1, S1-4, S5-3 and S3-2 were isolated from Sandaki, a
radish- and mustard-based fermented product; Lactobacillus
casei NCIM 2586 was obtained from the National Collection
of Industrial Microorganisms (NCIM) Pune, India; TI3T, TI3Iw,
T1-2, T7-1, Enterococcus faecium and T5-1 were isolated from
Takarishta, a buttermilk-based fermented product; Lactobacillus
rhamnosus GG ATCC 53103 and Streptococcus thermophilus
ATCC 19258 were obtained from American Type Culture
Collection (ATCC; Manassas, VA); Tu6A, Tu3A, Tu4 and
Tu6B were isolated from Tushambu, a fermented product based
on the husk of black gram and barley; 15, M, 3, Lactobacillus
fermentum CFR 2195 were isolated from faecal matter of
healthy infants; Lactobacillus plantarum MTCC 1407 and
Lactococcus lactisMTCC 1484 were procured from Microbial
Type Culture Collection (MTCC), Chandigarh, India;
Lactobacillus casei Lund was procured from the Swedish
International Development Cooperation Agency (SIDA); K0A,
K2A2, K7, K0A1, K23 and K1

1 were isolated from Kanjika, a
rice-based fermented product; Enterococcus hirae CFR 3001
was isolated from fermented cucumber.

Preparation of inoculum and fermentation

The active cultures were prepared by transferring the culture
from glycerol stock into MRS broth, followed by incubation
at 37 °C for 24 h and two subcultures prior to use.
Fermentation medium (MRS broth supplemented with 1 %
MSG) was inoculated with 16-h-old culture (10 % v/v) and
incubated at 37 °C for 48 h.

Preliminary screening: qualitative analysis of GABA
by thin-layer chromatography

The culture broth was centrifuged at 8,000 rpm for 15 min at
4 °C. The supernatant (6 μl) was spotted onto thin-layer
chromatography (TLC) plates [Silicagel 60 F254 plates (20×
20 cm); Merck KGaA, Darmstadt, Germany). The plates
were developed in acetic acid:1-butanol:distilled water
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(1:4:5) and subsequently sprayed with 0.2 % ninhydrin
solution (Cho et al. 2007).

Quantitative analysis using high-performance liquid
chromatography

Supernatant (10 μl) was derivatized with ortho-phthaladehyde–
mercaptoethanol [OPA-MCE (20 μl)] reagent and boric acid
buffer (0.4 M, pH 10.4; 100 μl). Derivatization was carried out
at 30±2 °C for 5 min, and the reaction mixture was filtered
through microfilters (pore size 45 μm; Millipore, Bedford,
MA) and analyzed by high-performance liquid chromatogra-
phy (HPLC) (model LC-20 AD; Schimadzu Corp., Kyoto,
Japan) equipped with a UV detector (SPA-20A). The sample
aliquots (20 μl) were injected using a HPLC injector syringe
(Hamilton, Bonaduz, Switzerland ) and the analysis was car-
ried out at room temperature (30±2 °C) using an analytical
column (Hypersil ODS; Thermo Fisher Scientific, Waltham,
MA). The flow rate of the mobile phase [sodium acetate
(1.64 g) and triethylamine (200 μl) in 1,000 ml 20 % (v/v)
acetonitrile] was 0.8 ml/min, and the wavelength for detection
was 338 nm (Li et al. 2008).

Electrospray tandem mass spectroscopy

Electrospray tandem mass spectroscopy (ESI-MS) analysis
was carried out on a Waters 2695 separations module
consisting of a Micromass® Q-TofUltimaTM, Waters 2996
HPLC system and Waters 2996 photodiode array detector
(Waters Corp., Milford, MA). Data were collected and
processed on a personal computer with Mass Lynx software
ver. 4.0 (Micromass, a diversion of Waters Corp.). The ESI-
MS analysis of GABA was performed using underivatized
samples. Positive ion mode ESI-MS was acquired, with the
needle voltage set at 3.50 kV, cone voltage at 100 V, source
temperature at 120 °C and a desolvation temperature of
300 °C. The ESI-MS was performed using argon as the cone
gas (50 l/h) and nitrogen as the desolvation gas (500 l/h). Mass
spectra of standard GABA and samples were recorded.

Differential production of GABA in complex and minimal
media

Five different MRS media were evaluated. The composi-
tions of these media in grams per litre were as follows:

& MRS1: Protease peptone, 10; beef extract, 10; yeast
extract, 5; dextrose, 20; polysorbate-80, 1; ammonium
citrate, 2; sodium acetate, 5; MSG, 10; initial pH 6
(Ratanaburee et al. 2011).

& Modified MRS: Yeast extract, 6; dextrose, 25; polysorbate-
80, 1; tryptone, 6; MgSO4·7H20, 0.2; MnSO4·4H20, 0.05;
MSG, 10; initial pH 5 (Li et al. 2008).

& MRS5: Protease peptone, 10; beef extract, 10; yeast
extract, 5; dextrose, 20; polysorbate-80, 1; ammonium
citrate, 2; sodium acetate, 5; MSG, 50; initial pH 6.5
(Cho et al. 2007).

& GYP: Proteose peptone, 5; yeast extract, 10; dextrose, 10;
sodium acetate, 2; MgSO4·7H2O, 0.2; MnSO4·4H2O,
0.01, FeSO4·7H20, 0.01; NaCl, 0.01; MSG, 10; initial
pH 6.8 (Choi et al. 2006).

& TYG: Yeast extract, 5; dextrose, 10; tryptone, 5, MSG,
10; initial pH 7 (Nomura et al. 1999)

These different media (50 ml) in 250-ml Erlenmeyer flasks
were inoculated with 16-h old culture [4–5 optical density
(OD) units] of L. bulgaricus CRF 2028 and the flasks incu-
bated at 37 °C for 48 h. The experiments were carried out in
duplicate. Changes in pH were recorded, and biomass and
GABA after 48 h of incubation were quantified.

Effect of substrate concentration on GABA production
and time-course study

The effect of substrate concentration on the growth of L.
bulgaricus CFR 2028 and GABA production as a function
of fermentation time was studied. TYG medium (100 ml in
500-ml Erlenmeyer flasks) supplemented with 1, 2, 3, 4 or
5 % MSG was inoculated with a 16-h-old culture (4–5 OD
units) of L. bulgaricus CRF 2028. The initial pH of the
media was adjusted to 7.0. The flasks were incubated at
37 °C, and samples were drawn at regular intervals. The
experiments were carried out in duplicate. Changes in pH
were recorded, and biomass, residual sugar and GABA as a
function of fermentation time were quantified.

Residual glucose estimation

Residual glucose concentration in the supernatant was esti-
mated using the GOD-POD kit (BEACON Diagnostics Pvt
Ltd., Navasari, Gujarat, India). The sample (10 μl) was
incubated with 1 ml working reagent at 37 °C for 10 min.
Absorbance of the incubated samples were read at 505 nm
against the standard. Residual glucose concentration in the
samples was estimated using Eq. 1:

Glucose
mg

dl

� �
¼ Absorbance of Sample

Absorbance of Standard
� 100 ð1Þ

Biomass estimation

Growth of L. bulgaricus CFR 2028, in terms of OD was
determined by measuring the culture turbidity at 600 nm
during the course of fermentation (Robbe-Saule et al. 2006).

Ann Microbiol (2014) 64:229–237 231



pH measurement

The pH of the samples drawn at regular time intervals was
measured using a digital pH meter equipped with a glass
electrode over a range 0.0–14.0 (Analab Scientific
Instruments Pvt Ltd, Gujarat, India).

Modelling or theoretical aspects

Monod’s model: MSG uninhibited domain

The differential method of analysis was used to calculate
MSG consumption rate, rs (from MSG concentration [S]
versus time data). The relationship between rs and [S],
may be evaluated by the simple and practical Monod model.
The model assumes MSG to be a non-inhibitory compound
and its non-inhibitory kinetic form is presented in Eq. 2
(Sukumar 2009).

−rs ¼ rs;max* S½ �
Ksþ S½ � ð2Þ

−
1

rs
¼ Ks

rs;max* S½ � þ
1

rs;max
ð3Þ

Thus, by plotting experimentally measured values of
− 1

rs vs
1
S½ �, the kinetic parameters Ks [saturation constant

(mM)] and rs,max [maximum specific rate of MSG con-
sumption (mM/h)] can be obtained.

Briggs–Haldane model: MSG inhibited domain

The Briggs–Haldane’s model was evaluated to present the
dynamics of MSG inhibitory effects due to the mathematical
simplicity of this model and its wide acceptance for
representing the kinetics of inhibitory substrates. Haldane’s
inhibitory kinetics is represented as follows:

−rs ¼ rs;max* S½ �

Ksþ S½ � þ S½ �2
Ki

 ! ð4Þ

−
S½ �
rs

¼ Ks

rs;max
þ S½ �

rs;max
þ S½ �2

rs;max*Ki
ð5Þ

where KI is the Briggs–Haldane inhibition constant
(mM). By fitting the experimental data into the above sim-

plified equation and by plotting − S½ �
rs versus [S], the kinetic

parameters can be estimated (Sukumar 2009).

Results and discussion

Qualitative analysis using TLC

Our screening and selection of potent GABA-producing
lactic acid bacteria (LAB) strains were based on the
qualitative analysis of GABA, carried out using TLC.
All of the tested strains were found to be positive for
GABA production (Fig. 1). However, there was a dis-
tinct variation in the intensity of developed spots,
indicating that the production of GABA was strain-
dependent.

Quantitative analysis using HPLC

The result of the TLC analysis was further verified by
analyzing the supernatant using HPLC. The result of
quantitative analysis of GABA produced by the lactic
cultures screened is depicted in Fig. 2. The HPLC
chromatogram of supernatants of all GABA-producing
strains exhibited a peak with a retention time that
matched that of the GABA standard (11.7 min). The
concentration of GABA in the supernatant varied from
0.091 to 22.79 mM. Among all strains screened, L.
bulgaricus CFR 2028 produced the highest amount of
GABA (22.79 mM) after 48 h of fermentation. The
results of the screening trials indicated that GABA
production by L. salivarius CFR 2158, E. faecium
CFR 3002, S1-2 and L. amylovorus B-4437 was also
considerable, ranging from 9 mM to 17 mM. The culture

Fig. 1 Thin-layer chromatogram of gamma-aminobutyric acid (GABA)
production. Lanes: 1 GABA standard (3 mg/ml) 2 Enterococcus faecium
3 E. hirae CFR 3001, E. faecium, 4 CFR 3002, 5 Streptococcus
thermophilus ATCC 19258, 6 Lactobacillus bulgaricus CFR 2028, 7 L.
casei Lund, 8 monosodium glutamate (MSG) standard (3 mg/ml)
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chosen for further analysis, L. bulgaricus CFR 2028,
exhibited a higher biotransformation potential for
GABA production than other GABA-producing reported
in earlier studies (Yokoyama et al. 2002; Park and Oh
2007; Ali et al. 2009).

Electrospray tandem mass spectroscopy

The structural characterization of GABA was carried out
by MS analysis. All measurements were performed in
methanol. Under specified conditions GABA appeared as
[M+H]+ (hydrogen adduct of compound ‘M’). The mass
spectra of the GABA standard showed a distinct peak at
an m/z value of 104.99. The presence of a distinct peak at
an m/z of 104.92 (Fig. 3) in the underivatized supernatant

of L. bulgaricus CFR 2028 confirmed the production of
GABA.

Differential production of GABA in complex and minimal
media

Maximum GABA production by L. bulgaricus CFR 2028
was observed in TYG medium. Under these conditions of
nutrient stress in TYG medium, it is possible that the cells
switched to survival mode, catabolizing the available MSG
and other nutrients for GABA production and growth, re-
spectively. GABA production was found to be slightly low-
er in complex media when compared to that in TYG
medium. One possible reason for this result could be that
the regulatory factors which govern and favour growth may
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not favour the efficient expression of GAD (Castanie-Cornet
and Foster 2001). MRS, a selective complex medium
intended for the cultivation of Lactobacillus, supported
maximum growth. The production of GABA was highest
in TYG medium (38 mM) and least in modified MRS
medium (6 mM). The amount of GABA produced was 20,
18 and 9 mM inMRS1, GYP andMRS5 medium, respectively.

Effect of substrate concentration on GABA production
and time-course study

The growth of L. bulgaricus CFR 2028 increased with
increasing MSG concentration; consequently, maximum
growth was observed in TYG medium supplemented with
5 % MSG. There was a near-complete utilization of glucose
by 48, 60, 84, 84 and 96 h of fermentation in the TYG
medium supplemented with 1, 2, 3, 4 and 5 % MSG,
respectively, supporting the growth accordingly. A slight
increase in pH at the end of the fermentation process in
TYG medium with an increase in MSG concentration (1 to
5 %) was observed, corresponding to a value of 4.03±0.06,
4.57±0.02, 4.56±0.00, 4.66±0.00 and 4.73±0.01, respec-
tively. GABA production was found to increase with in-
creasing MSG concentration (12.34±0.28 and 46.64±
1.35 mM) at 1 and 2 % MSG, respectively. However, it
was found to decrease with an increase of >2 % (30.1±1.86,
22.40±3.36, 16.17±1.10 mM GABA at 3–5 % MSG, re-
spectively). L. bulgaricus CFR 2028 produced the highest
amount of GABA (47 mM) at an initial concentration of 2 %
MSG. It was also observed that the initial pH (7.0) of the
TYG medium supplemented with 2 % MSG decreased to
pH 5.4 after the addition of the 10 % (v/v) aliquot of 16-h-
old inoculum prepared in MRS broth (Fig. 4). The

maximum yield (Yp/s) obtained was 0.0449 mM
GABA/mM MSG, with a conversion of 39.43 % and volu-
metric productivity of 0.48 mM/h. At the end of the fermen-
tation period, residual MSG in TYG medium supplemented
with 1, 2, 3, 4 and 5 % MSG was found to be 12.10±0.94,
14.88±2.96, 32.85±0.63, 40.58±3.04, 57.44±1.87 mM,
respectively.

Monod’s model: MSG uninhibited domain

The production of GABA at an initial MSG concentration
of ≤2 % indicated that the system may follow the classical
Monod model (Samantha et al. 2008). The suitability of
the Monod's equation to fit the data was evaluated using
the experimental data (rs and [S]) within the MSG uninhibited
region. Simulated work led to a reasonable straight line using
the equations shown below for the plot − 1

rs vs
1
S½ � with a

slope and intercept of Ks
rs;max and

1
rs;max, respectively.

−
1

rs
¼ 4:38

1

S½ � þ 0:0495; R2 ¼ 0:9532 1% MSGð Þ ð6Þ

−
1

rs
¼ 2:428

1

S½ � þ 0:0287; R2 ¼ 0:9846 2% MSGð Þ

ð7Þ
Thus it can be concluded that the reaction engineering

performance of the present system on the MSG uninhibited
domain can effectively be described by the Monod model.
The average numerical values for rs,max and Ks were found
to be 27.52 mM/h and 86.53 mM, respectively. The rate
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Fig. 3 The electrospray (ES)
tandem mass spectroscopy
spectrum of GABA produced
by Lactobacillus bulgaricus
CFR 2028. TOF Time of flight

234 Ann Microbiol (2014) 64:229–237



equation for the MSG uninhibited domain may, therefore, be
written as

−rs ¼ 27:52* S½ �
86:53þ S½ � ð8Þ

Briggs-Haldane model: MSG inhibited domain

The second order polynomial equation for the simplified
Briggs–Haldane model was used to determine kinetic param-
eters for MSG concentrations ranging from 3 to 5 %. The

Fig. 4 Time-course of GABA
production, growth, residual
glucose, and residual MSG in
TYG medium supplemented
with 2 % MSG. OD Optical
density
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following equations were obtained for MSG concentrations of
3, 4 and 5 %, respectively.

−
S½ �
rs

¼ 0:0001 S½ �2 þ 0:132 S½ � þ 21:46; R2 ¼ 0:97 3% MSGð Þ
ð9Þ

−
S½ �
rs

¼ −0:0002 S½ �2 þ 0:272 S½ � þ 24:30; R2 ¼ 0:99 4% MSGð Þ
ð10Þ

−
S½ �
rs

¼ 0:0007 S½ �2 þ 0:461 S½ � þ 15:93; R2 ¼ 0:99 5% MSGð Þ
ð11Þ

The kinetic parameters of the Briggs–Haldane model
were determined using the experimental data for deriving
the above equations. The predicted profiles of –rs versus [S]
are compared with the experimental in data (Fig. 5).
Monod’s model agreed well with the experimental results
at 2 % MSG with a standard deviation (SD) of 0.09, while
the Briggs–Haldane model fitted the data with a SD of 0.40,
0.11 and 0.10 for 3, 4 and 5 % MSG, respectively.

The variation in kinetic parameters with initial MSG
concentration is presented in Table 1. As seen from Table
1, the kinetic parameters show an explicit trend of varia-
tion. The rs,max decreased and Ks increased with an
increased initial MSG concentration. This increase in Ks

values can be correlated to the decrease in the affinity for
L. bulgaricus CFR 2028 for MSG in the MSG inhibited
domain (Agarry and Solomon 2008). It is thus apparent
that the inhibition became prominent as the initial MSG
concentration increased. Thus, we conclude that the
rs,max varies with initial MSG concentration and is a
strong function of initial MSG concentration. The overall
rate equation under the MSG inhibited domain may

therefore be written as

−rs ¼ 4:06* S½ �

115:78þ S½ � þ S½ �2
1112:35

ð12Þ

The overall magnitude of KI in the present case is greater
than the Ks value, indicating that the overall system dynam-
ics cannot be explained by the Briggs–Haldane model alone.
This necessitates the addition of two biological switches
which will be active in the present system. An integrated
equation capable of describing the dynamics of overall
MSG consumption rate may therefore be compounded as
follows (Samantha et al. 2008):

−rs ¼ β
27:52* S½ �
86:53þ S½ � þ €

4:06* S½ �

115:78þ S½ � þ S½ �2
1112:35

ð13Þ

where, β and € are dynamic biological switches. β=1 and
€=0 when the MSG concentration is≤2 %; β=0 and €=1
when the concentration of MSG is≥2 %. The critical MSG
concentration for our study was identified to be 2 %.

Conclusion

The results of our preliminary screening indicte that the
LAB tested could serve as a potential model to study
GABA production. Instrumental characterization by HPLC
confirmed the production of GABA by the tested organisms
and revealed that L. bulgaricus CFR 2028 produced the
highest yield. Further, structural characterization by MS
confirmed the production of GABA by L. bulgaricus CFR
2028. Upon evaluating complex and minimal media, we
found that the highest production of GABA by L. bulgaricus
CFR 2028 was obtained in the TYG medium, clearly indi-
cating that the composition of the medium had a significant
effect on the yield of GABA. This result opens up avenues
for the optimization of the medium components for maxi-
mization of yields. A better growth rate and low GABA
production were observed in MRS medium and a low
growth rate and high GABA production were obtained in
TYG supplemented with 1 % MSG. The use of TYG medi-
um could have implications on the economics of process
development.

The inhibitory effect of MSG on the specific rate of
substrate consumption was quite appreciable above a critical
level of 2 %. Two distinct domains were revealed by study-
ing the effect of initial MSG levels in TYG medium on the
dynamics of GABA yields. One domain is characterized by
the MSG uninhibited domain (<2 % MSG) where the dy-
namic response was described well by the classical Monod

Table. 1 Kinetic parameters obtained from the Monod and Briggs–
Haldane models

Initial MSG
concentration
(%)

Half-saturation
constant (Ks)
(mM)

Maximum
specific MSG
consumption
rate (rs,max)
(mM/h)

Briggs–
Haldane
inhibition
constant
(KI) (mM)

R2

1 88.47 20.20 – 0.953

2 84.59 34.84 – 0.984

3 162.69 7.58 1319.0 0.970

4 89.37 3.67 1359.5 0.997

5 95.28 2.16 658.57 0.997

MSG, Monosodium glutamate;

236 Ann Microbiol (2014) 64:229–237



model. The second domain is a situation of MSG inhibition,
which was successfully simulated by the Briggs–Haldane
model. A unified biotransformation rate for the entire region
(from 4.06 to 27.52 mM/h) covering both the MSG unin-
hibited and inhibited domains was proposed and which will
be useful in bioreactor design for this system.
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