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Abstract: To address the need for producing large quantities of an enzyme, glutamate decarboxylase (GAD), this study evaluated

the performance of the currently used complex and defined culture media in terms of biomass production, GAD yield, and

byproducts accumulation, and selected the candidate(s) that could maximize the production of GAD by Escherichia coli (AS

1.505, the China General Microbiological Culture Collection Center, Beijing, China). The highest yield of the enzyme per

biomass in the final broth (4431 U/g) corresponded to the Luria Bertani medium (LBM), which was 1.16 times the second highest

from the Terrific Broth medium (TBM), while the highest biomass production (4.5 g/L) was achieved in the cultivation with TBM.

For the byproducts, the profiles of all the media except the TK medium displayed a distinct exponential phase after six hour

cultivation with a rapid byproducts generation, which could be attributed to the mixed acid fermentation caused by oxygen

limitation. In addition, the subsequent re-assimilation of acetate could reduce the loss of GAD accumulated by stabilizing the

media pH. The comprehensive analysis showed that although the highest biomass production was achieved by TBM, the fastest

intracellular accumulation of GAD occurred in the cultivation with LBM (184.64 U/(g·h)), which also was the cheapest medium

(0.56$/103 U). Therefore, LBM was considered the potentially competitive candidate medium for large-scale production of

GAD by E. coli.
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1 Introduction

Glutamate decarboxylase (GAD, EC 4.1.1.15) is a

unique enzyme that catalyzes the conversion of

L-glutamic acid (Glu) to γ-aminobutyric acid (GABA), a

chemical with several important physiological functions.

It is known that GABA functions in animals as a major

inhibitory neurotransmitter[1,2] and is involved in the
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regulation of cardiovascular functions, such as blood

pressure and heart rate, and plays a role in the sensations

of pain and anxiety[2]. Treatments for sleeplessness,

depression, autonomic disorders[3,4], chronic

alcohol-related symptoms and stimulation of immune

cells[5] have also been related to the administration of

GABA. Recently, GABA has been found to be a strong

secretagogue of insulin from the pancreas that may

prevent diabetic conditions[6].

Owing to these physiological benefits, GABA has

been used extensively in pharmaceuticals such as

aminalone, gammalone, pycamilone, and pantogam for

the treatment of disturbances of brain activity[7]. Also
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several functional foods containing GABA are

manufactured such as GABA-enriched green tea,

GABA-enriched fermented beverages[8], dairy products[9],

and red-mold rice[4,10,11] that have been reported to lower

the elevation of systolic blood pressure in spontaneously

hypertensive rats.

The growing effort in studying the physiological

functions of GABA in recent years has increased the

market demand for GAD, leading to numerous research

attempts made to obtain sufficient quantities of purified,

enzymatically active GAD for extensive studies on its

structure, function, regulation, and therapeutic use[12-18].

In addition, results from animal studies indicate that GAD

itself may be used in the treatment and/or prevention of

beta-pancreatic islets in insulin-dependent diabetes

mellitus (IDDM)[19-21]. Clearly, to enjoy all these

benefits, production of sufficient quantities of purified

GAD becomes essential.

GAD is widely present among eukaryotes and

prokaryotes, such as mammalian brain[21,22] plants[23,24], E.

coli[25,26], Aspergillus oryzae[27], and lactic acid

bacteria[28]. Among all these sources, E. coli is

recognized as a preferential vehicle for producing large

quantities of GAD due to its fast growth and ability to

reach high cell density culture, which enables high

productivity of GAD due to the increased total biomass as

well as the increased GAD yield per cell. To that end,

finding the most efficient culture medium to enhance E.

coli growth is one of the important strategies deserving

more investigations.

A number of culture media are currently in use by

researchers in E. coli cultivation. Luria Bertani (LB),

the popular complex medium, allows the growth of E.

coli up to a cell density of 1 g/L dry cell weight (DCW).

Macaloney et al.[29] replaced the glucose in LB with

glycerol to grow E. coli to a higher cell density. Shiloach

and Bauer[30] designed a semi-defined medium consisting

of organic salts, glucose, yeast extract, and a solution of

trace elements which achieved a cell density of 54 g/L

DCW. After adding citric acid,

ethylenediaminetetraacetic acid (EDTA), and

thiamine-HCl to the defined medium (containing only

simple inorganic salts and a defined carbon source),

Riesenberg et al.[31] fed the solution with 80% glucose,

2% MgSO4 and trace elements and achieved 110 g/L

DCW. Matsui[32] modified this medium to ensure a high

cell density of E. coli JM109, followed by optimizing the

culture conditions for the strain. However, most of

these reports were related to the success of harvesting

more E. coli cells, with only a limited number of reports

contributing to the investigation of a suitable medium

targeting accumulation and productivity of GAD in cells,

a critical step towards large-scale production.

Meanwhile, little has been done in evaluating the

available media in terms of their performance for E. coli

cultivation for GAD production.

In this study, the performance of the currently

reported complex and defined media for E. coli

cultivation was comprehensively evaluated with respect

to biomass yield, GAD accumulation per biomass, and

byproducts generation. Economic analysis was also

conducted to provide useful information for selecting a

cost-effective medium for potential large-scale

production of GAD and for planning future research

aimed at employing feeding strategies.

2 Materials and methods

2.1 Strain and cultivations

The E. coli (AS 1.505) utilized in this study was

obtained from the Northeast Agricultural University in

Harbin, China. It was a mutant derived from A 101,

which has been reported to contain a GAD gene[33] and

was originally obtained from the China General

Microbiological Culture Collection Center (CGMCC),

Beijing, P. R. China. The pre-culture was conducted in

a 250 mL flask containing 50 mL LB medium for 6 h.

Flask culture experiments were performed in 250 mL

flasks each containing 50 mL culture medium after

inoculated with 2% (v/v) of the seed culture. The strain

was cultivated at 37℃, 200 r/min (rotation per minute)

for 24 hours prior to use.

2.2 Culture media

The media selected for study were listed below. M1

referred to the medium for E. coli to accumulate GAD.

Media of Terrific Broth (TB), TK-10 and LB were the

frequently cited media for E. coli culture in the literature.
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Medium 4 (M4) and Medium 5 (M5) were the specific

media for GAD production by E. coli[16,34]. The

chemical compositions of each medium were presented

below.

1) Medium 1 (M1): 18 g/L casein hydrolysate, 5 g/L

yeast extract, 1 g/L NH4Cl, 100 mL phosphate buffer pH

7.0 (Na2HPO4.12H2O 118.7 g, KH2PO4 45.4 g) and

100 mL of glucose solution (glucose 30 g, MgSO4.7H2O

5 g), pH 7.0.

2) TB medium (TBM): tryptone 12 g/L, yeast

extract 24 g/L, 100 mL 170 mmol/L KH2PO4/0.72 mol/L

K2HPO4.

3) TK-10 medium (TKM): 40 g/L glucose, 10 g/L

(NH4)2HPO4, 2 g/L K2SO4, 0.3 g/L NaCl, 2 g/L

MgSO4·7H2O, 300 mg/L FeSO4·7H2O, 68 mg/L

ZnSO4·7H2O, 30 mg/L CuSO4·5H2O, 15.2 mg/L

MnSO4·5H2O, 60 mg/L CaCl2·2H2O, 6.8 mg/L

Na2B4O7·10H2O, 3 mg/L (NH4) 6Mo7O24, 20 mg/L

thiamine-HCl, and 100 mg/L ampicillin, pH 7.0.

4) M4: 10 g/L glucose, 30 g/L peptone, 3 g/L NaCl,

1 g/L K2HPO4, 0.2 g/L MgSO4, 0.1 g/L glutamic acid,

15 g/L corn steep liquor, 30 μg/L biotin, 40 g/L bran, pH

6.5.

5) M5: 30 g/L soybean paste hydrolysates, 10 g/L

peptone, 10 g/L yeast extract, 5 g/L corn steep liquor,

2 g/L K2HPO4, pH 7.0

6) LB medium (LBM): 10 g/L tryptone, 5 g/L yeast

extract, 5 g/L NaCl, pH 7.0

2.3 Analytical methods

2.3.1 Biomass

Broth samples were collected from flasks after

cultivation at 37℃ for 24 hours and centrifuged at 2 340

g for 20 min. The precipitated biomass was washed

twice with deionized water (DI) and the biomass

concentration was determined by weighing the mass after

drying at 100℃ overnight.[35]

2.3.2 GAD

The reaction mixture (pH 5.2) consisted of 200 μL of

50 mM sodium phosphate, 100 mM L-glutamate,

0.05 mM pyridoxal 5-phosphate monohydrate (PLP), and

100 μL of GAD containing liquid and was incubated at

40℃ for 60 min with periodic shaking. The reacted

solution (1 mL, pH 8.7) was mixed with 1 mL of dabsyl

chloride (1 mg/mL, in acetone) and reacted at 65℃ for

10 min, the pH of which was kept at 9 by adding 1 M

NaHCO3 solution. After that, the reaction was stopped

by placing the sample tube in an ice bath, and then the

dabsyl sample was filtered through a 0.45 μm nylon filter

membrane[36,37]. The filtrate was analyzed for its GABA

content by HPLC with a spectrophotometric detector at

440 nm. A reversed phase column (Hypersil ODS,

250 mm × 4.6 mm) coupled with a C18 cartridge was

used. The column temperature was maintained at 40℃

and the flow rate was 1 mL/min. The composition of

the optimized mobile phase was kept at 40% of

acetonitrile and 60% of 0.006 M CH3COONa (pH 4).

One unit of enzyme activity was defined as the amount of

enzyme that produced 1 µmol of GABA in 1 h.

2.3.3 Organic acids

The content of organic acids in the culture broth was

analyzed using an HPLC (Agilent Technologies, Inc.,

Santa Clara, CA) with a Bio-Rad Aminex HPX 87H

column (Bio-Rad Laboratories, Hercules, CA) and a UV

detector at 210 nm. The column temperature used was

40℃. The mobile phase, 6 mM H2SO4, was used at a

flow rate of 0.6 mL/min[38].

All the experimental results presented were the mean

values of at least three measurements (only data with

variation ≤5% about the mean were used) on a minimum

of three replicates (each an independent experiment) for

every partition data point. One-way ANOVA was

employed for statistical evaluation of the data at p≤0.05.

2.4 Economic analysis of culture media

Medium cost is calculated by summing up the costs of

all the components in the medium for obtaining 103 units

of GAD, which were determined with reference to the

price supplied by the Fisher Scientific Inc.

(Massachusetts, USA).

3 Results and discussion

3.1 Performances of various media on biomass

production

The time courses of biomass accumulation by E. coli

fermentation in six different culture media studied are

shown in Figure 1. The highest production of biomass

(4.5 g/L) was achieved in the cultivation with the TB
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medium, which was not as high as that reported by

Macaloney et al.[29] where E. coli was cultivated to a

higher biomass concentration using the same medium

(5.8 g/L). The lower biomass production in this study

may be explained by the different E. coli strains used as

well as the uncontrolled feeding strategy employed in this

investigation.

Figure 1 Performances of various media on the biomass

accumulation

In the cultivations of M4 and M5, although the

stationary phase was reached 6 hours after inoculation,

which was faster than the rest, the maximum biomass

obtained were lower than all other cultivations, ending

with the amounts of 1.37 g/L and 1.3 g/L, respectively.

The rapid cell growth in the early phase comparable to

the others could be attributed to the presence of more than

three nitrogenous nutrients in M4 and M5. Nevertheless,

the low yield of biomass indicated the low efficiencies

(substrate consumed/initial substrate) of these media,

which could be caused by the unbalanced proportions of

nutrients in the media, as reported by Vazquez et al.[39].

Another potential problem with these two media is the

use of corn steep liquor as the nitrogenous materials.

Although it is an inexpensive source of essential

microbial nutrients for a variety of applications, the tiny

particles of corn steep liquor could result in turbidity of

culture broth and negatively affect the product purity,

thus requiring additional downstream separation that

could drive up the production cost[40,41].

Stationary cell growth in TKM was observed after

12-hour into cultivation and the sample yielded a higher

dry cell weight of 3 g/L than those of M4 and M5.

TKM subject to feeding strategies was reported to be a

suitable medium for E. coli production[42]. In our case,

the cease of the cellular growth in TKM could be the

result of growth inhibition by the accumulated acid,

which was supported by the low pH observed (4.69) in

the cultivation (Table 1) under uncontrolled feeding in

this study. For LBM and M1, the stable phases were

reached after 18-hour cultivation, with the biomass

content achieving 3.0 g/L and 2.75 g/L, respectively

Figure 1.

The results suggest that the rapid cell growth in the

initial stage of cultivation did not necessarily guarantee

the final high biomass production possibly because of the

fast accumulation of byproducts and/or the unbalanced

nutrients supply, leading to a rapid inhibition to cell

growth. This implies that it may be necessary to

consider the inclusion of buffer solution in the culture

media for E. coli or the employment of feeding strategies

to improve cell growth. In addition, the production of

biomass exhibited a declining trend after the exponential

phase, which could result from cell lysis[43,44]. Take M1

and LBM, the biomass concentration was 12.5% and

20.4%, respectively, lower than at their peaks at around

18-hour cultivation. Thus, control of the cultivation

time in the batch mode is important to avoid product

losses.

Table 1 Summary of product yield and economic study

results obtained for the various media investigated in shake

flasks

Medium

Item
M1 TBM TKM M4 M5 LBM

Biomass/g·L-1 2.73 4.5 3 1.35 1.3 2.5

Biomass productivity/g·(L·h)-1 0.09 0.17 0.12 0.04 0.03 0.11

GAD yield in final broth/
U·g-1 cell

2 353 3 811 1 805 2 299 2 423 4 431

GAD productivity/U·(g·h)-1 98.04 158.8 75.2 95.8 100.9 184.6

Total Units/U 5 200 15 700 5 000 2 001 1 890 11 300

Acetic acid/g·L-1 1.85 0.7 1.73 2.78 6.24 0.5

Lactic acid/g·L-1 0.11 2.3 0.26 0 1.9 1.01

Formic acid/g·L-1 0.003 0.016 0 0.31 0.273 0.01

Initial pH 7 7 6.54 5.73 7.3 7.22

Adjusted pH 7 6.95 7 7

Final pH 6.81 6.59 4.69 4.83 4.37 8.19

*Medium cost $/103 U GAD 1.56 1.33 1.03 5.37 7.09 0.56

Note: *The costs of media are estimated based on the purchasing prices of media

ingredients listed in the catalogs of suppliers (2010 edition) such as

Thermo-fisher Scientific, Inc., Sigma-Aldrich Company, etc.
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3.2 Performances of various media on GAD

accumulation in E. coli cell

Figure 2 shows the time course of GAD obtained per

gram biomass in different culture media. Although the

highest yield of biomass was harvested from TBM, the

highest yield of the enzyme per biomass (5 333 U/g) went

with LBM, which was 1.15 times higher than TBM, and

1.34 times higher than M4. When TKM media were

utilized for E. coli cultivations, only 3 296 U GAD/g

biomass was detected in 12-h cultivations, which might

suggest that TKM, a basic-salt defined medium, probably

did not provide the balanced nutrients required by E. coli

to synthesize GAD.

Figure 2 Performances of various media on the yield of

GAD/g biomass

Data in Figure 2 also indicate the relationships

between biomass production and enzyme accumulation.

For all cultivations, the yields of GAD reached the peak

when the cell growth reached stationary phase (Figures 1

and 2). Thus it can be concluded that the maximum

yield of GAD correlated with the cell physiology and

growth, which is consistent with the past findings that the

rapid cell growth facilitated the accumulation of enzyme

in cells[16,45]. However, the enzyme yield in all cases

declined after the peak. The harvested GAD in LBM

had the least loss of 16.91%, followed by TBM with

17.77% loss. One reason might be due to the

unfavorable change in pH in the cultivation that poses a

detrimental effect on the production of proteins by the

cells.[46] Another reason could be due to cell lysis,

which is common in E. coli cultivation[47,48], because the

protease excreted during cell lysis[49,50] may cause the loss

of GAD activity[16].

3.3 Effects of various media on the by-products

generation

The aim of this part of the study was to evaluate the

effects of various culture media on the byproducts

formation such as acetic, formic, and lactic acid because

byproducts accumulation in culture media could cause

significant inhibition to the productivity of GAD by E.

coli. The byproduct profiles for M1 displayed a distinct

exponential phase (Figures 3a, 3b, 3c) after 6-hour

cultivation with a rapid byproducts generation and the

acetate accumulation was observed following the

exponential phase. Similar trends were observed for

TBM, M4, M5, and LBM. The observation of acetic

acid accumulation after exponential phase can be

explained by the over-flow metabolism of which acetate

is the main by-product[51]. The initial byproducts

accumulation indicated that the cultivation was

dominated by acid fermentation due to shortage of

oxygen as a result of the microbial cells inoculated into

the cultivation that consumed oxygen to satisfy their rapid

growth[52]. In addition, the complex nitrogen sources

utilized in the culture broth could cause the increased

viscosity that hampered oxygen dissolution[53,54]. When

E. coli cultures are exposed to a degree of oxygen

limitation, mixed acid fermentation products (acetic acid,

formic acid, lactic acid, succinic acid, ethanol) will

appear[55,56].

The exponential phase of M1 was followed by a

phase showing a gradual decline of formic acid and lactic

acid with the final contents being 0.18 g/L and 0.003 g/L,

respectively. An explanation for this phenomenon could

be found from a study reported by Enfors et al.[57] where

re-assimilation of formic acid and lactic acid was

observed when the cells returned to the substrate limited

or oxygen sufficient compartment of the cultivation. In

the case of TBM, the profiles of three acids showed a

gradually decline after 6-hour cultivation (Figure 3) and

the lactic acid concentration decreased to almost zero at

the end of cultivation (0.002 g/L). This implies that the

re-assimilation rate of lactic acid was higher than those of

acetic and formic acid, which was in accordance with the

results found in literature[58,59]. Additionally, since
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29.9% of acetic acid was re-assimilated, the byproduct

inhibition to cell physiology was reduced, as reflected by

the continuous cell growth in the latter period of

cultivation. Coupled with pH control, it was observed

that the loss of GAD accumulated (17.8%) was reduced.

A similar trend was obtained for LBM with 56.2% of

acetic acid re-assimilated, leading to the least loss of

GAD accumulated (16.9%).

Figure 3 Performances of various media on the byproducts

generation

When using M4 and M5, a fluctuation was observed

for acetic acid accumulation, which could in part be

caused by the repeated production and re-assimilation of

acetic acid from the overflow metabolism and mixed acid

fermentation products. The reduced biomass yield can

be attributed to the fluctuation of acetic acid.[57]. The

cultivation of M5 yielded the highest acetic acid

concentration of 3.2 g/L at 6-hour incubation, while M4

corresponded to the highest lactic acid concentration of

0.35 g/L at the same time. An interesting and

unexpected result was that the accumulated formic acid

was consumed while the accumulated lactic acid was

maintained after the peak. The reason that caused the

fast consumption of formic acid was unclear. For TKM,

although no obvious exponential phase was observed for

acetic acid generation, its concentration continued to

increase with no re-assimilation. On the other hand, the

cultivation of TKM caused the least accumulation of

lactic and formic acid.

3.4 Preliminary economic analyses for scaling - up

production of GAD

Medium selection is a fundamental and challenging

undertaking as it requires a balance between the cost of

nutrients, product yield, and quality. A criterion used in

this study for media evaluation for cost-effective GAD

production is based on the GAD yield per cell as well as

the total cell biomass. Another equally important part of

an economic study is the productivity per batch, which

helps determine the amount of capital and labor costs.

Table 1 summarizes the batch results for the six media

studied. The highest biomass (4.5 g/L) corresponded to

TBM while the fastest accumulation of GAD in cell

occurred in the cultivation with LBM with the

productivity being 184.64 U/g-h. The comparison

indicates that although LBM achieved lower biomass

accumulation than TBM, it greatly increased the GAD

productivity of each cell by 16.3% as compared to TBM,

which is phenomenal. One thing that could not be

determined according to the experiments in this study is

whether the high biomass production by TBM was a

result of the medium pH control. Buffer solution was

contained in the formula of TBM, which showed the

ability to maintain pH with the final value around 6.59.
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On the contrary, the pH of LBM was not controlled,

which reached 8.19 at the end of study and might be

caused by the hydrolysis of the nitrogenous material into

amino acids. This could be a reason for lower biomass

production by LBM because as discussed early, the

byproducts accumulation due to pH change would

interfere with cell physiology, leading to less biomass

formed. Cost wise, the significantly lower medium cost of

LBM than TBM (0.56$ vs. 1.33$/103U, see Table 1)

makes LBM even more appealing from the economics

perspective. Therefore, based on the results from this

study, it may be concluded that LBM can be a promising

candidate that deserves further research in large-scale

applications of GAD fermentation by E. coli. Having

said that, it is understood that evaluation of the medium

cost for large scale production of GAD involves the

recognition and inclusion of all costs related to the

medium production, such as the costs of material

handling and storage, labor, and analytical requirements
[60, 61]. It is our suggestion that all these factors should be

taken into account in the next-step research using LBM in

scale-up applications.

4 Conclusions

The study performed a comprehensive evaluation of

the various reported media for GAD production.

Cultivations in M4 and M5 exhibited the earliest

exponential growth phase. However, the rapid growth

in the initial cultivation did not lead to the final high

biomass yield unless the byproduct accumulation could

be controlled. The highest yield of biomass in the final

broth (4.5 g/L) was achieved in the cultivation with TBM,

but the highest yield of enzyme per biomass (4 431 U/g)

corresponded to LBM, which was 1.16 times higher than

the second highest from TBM. Similarly, the two

highest performers in GAD productivity were LBM

(184.6 U/g-h) and TBM (158.8 U/g-h).

For the byproducts, all media except TKM displayed

a distinct exponential phase of a rapid byproduct

generation after three hour cultivation, which could be

attributed to the mixed acid fermentation caused by

oxygen limitation. The subsequent re-assimilation of

acetate could reduce the loss of GAD accumulated. LBM

achieved the least loss of GAD (16.9%) with 56.2% of

acetic acid re-assimilated, followed by TBM that

achieved the second lowest loss of GAD (24.7%) with

29.9% of acetic acid re-assimilated. The economic

analysis showed that the cheapest GAD production

medium was LBM (0.56$/103 U). Based on the

evaluation conducted in this study, it can be concluded

that LBM can be a promising candidate medium for

large-scale production of GAD.
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