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Biosynthesis of g-aminobutyrate by engineered Lactobacillus brevis cells
immobilized in gellan gum gel beads

Chang-Jiang Lyu,1,2 Lu Liu,2 Jun Huang,1 Wei-Rui Zhao,3 Sheng Hu,3 Le-He Mei,2,3 and Shan-Jing Yao2,*
School of Biological and Chemical Engineering, Zhejiang University of Science and Technology, Hangzhou 310023, China,1 College of Chemical and Biological Engineering, Zhejiang
University, Hangzhou 310027, China,2 and School of Biotechnology and Chemical Engineering, Ningbo Institute of Technology, Zhejiang University, Ningbo 315100, China3

Received 24 July 2018; accepted 17 January 2019
Available online 7 February 2019
* Correspond
E-mail add

1389-1723/$
https://doi.or
g-Aminobutyrate (GABA) is an important chemical in pharmaceutical field. The use of lactic acid bacteria as bio-
catalysts for the conversion of L-monosodium glutamate (MSG) into GABA opens interesting perspectives for the pro-
duction of this functional compound. In this work, an engineered GABA high-producing strain Lactobacillus brevis
GadADC14 was constructed by overexpressing a C-terminally truncated GadA mutant, which is active in expanded pH
range. After comparison with agar and k-carrageenan, gellan gum was selected as the optimal immobilization support,
and the properties of L. brevis GadADC14 cells encapsulated in this hydrogel were examined. The optimum pH and
temperature of immobilized cells were found to be 40�C and pH 4.4, respectively. It was also observed that operational
and thermal stabilities of the cells were increased with immobilization. After ten consecutive reaction cycles, the total
amounts of GABA produced by the immobilized cells summed up to 87.56 g/L under the optimum experimental con-
ditions. Taken together, the improved stability and good usability make the immobilized L. brevis GadADC14 cells more
valuable for industrial applications.
� 2019, The Society for Biotechnology, Japan. All rights reserved.
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g-Aminobutyrate (GABA), a major inhibitory neurotransmitter
in the mammalian central nervous system, has been reported to
posses hypotensive, diuretic, tranquilizing and growth-promoting
effects (1e3). Owing to these beneficial functions, many attempts
to synthesize food-grade GABA by biological methods have been
developed to meet its increasing commercial demand. In recent
years, a variety of microorganisms such as bacteria, fungi and yeast
have been reported for their ability to produce GABA (4). Particu-
larly, the most interesting and practical group of these organisms is
lactic acid bacteria (LAB), which could catalyze the irreversible a-
decarboxylation of L-glutamate (Glu) via a glutamate decarboxylase
system (Gad system) in a proton-consuming reaction, thus
contributing to pH homeostasis within the cells and resulting in a
stoichiometric release of GABA (5,6). Meanwhile, LAB are the main
microorganisms used for production of recognized fermented food
products and biologically active supplements (7). It is clear that
biosynthesis of GABA by LAB for the manufacturing of food can
make full use of the health-promoting properties of GABA and LAB
themselves (8,9).

In our previous work, a LAB strain Lactobacillus brevis
CGMCC1306 isolated from rawmilk has shown a great promise and
potential in large-scale fermentation for the production of GABA
(10,11). Molecular genetic analysis demonstrated that the Gad
system of this strain comprises a transcriptional regulator (GadR), a
glutamate/GABA antiporter (GadC) and two biochemically identical
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isoforms of glutamate decarboxylase, GadA and GadB. The GadA
and GadB exhibited optimum activity at pH 4.8 and pH 4.4,
respectively (12,13). However, similar to the GADs in Escherichia coli
and Listeria monocytogenes, the two isoforms sharply lose their
activities as pH rises, and show no activities at near-neutral pH
(12e14). Specifically, GADs catalyze the decarboxylation reaction
intracellularly, i.e., in an environment with an overall neutral pH
(15). Taken together, one of the key obstacles involved in the
improvement of GABA production by L. brevis is how to deal with
the discrepancy of optimal pH between the activity of intracellular
GADs and cell growth.

Earlier, crystal structures of E. coli GAD isoforms (GadA and
GadB) have been determined (16,17). The features are remarkably
given that C-termini of GADs were mostly unstructured at acidic
pH, but underwent the formation of well-structured plug that
blocks the binding of Glu to active site at neutral pH (18). This
observation shed new light on the correlation between the C-ter-
minal structural feature and catalytic performance of GAD, and
several interesting features regarding the structural changes in GAD
upon pH shifts were presented therein (14,19e21). Accordingly,
expanding the active pH range of intracellular GAD by protein en-
gineering might be a feasible approach to reduce the negative ef-
fects of weakly acidic and neutral conditions on the use of L. brevis
cells for production of GABA.

During the past few years, several strategies have been devel-
oped for the efficient production of GABA by L. brevis, including
resting and immobilized cells technologies, batch, fed-batch as well
as mixed fermentation techniques (5,9,22,23). Compared to
planktonic cell fermentation, the use of immobilized microbial cells
All rights reserved.
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in production processes is advantageous to enhance the stability of
the biocatalyst and to facilitate its recovery and reuse (23). It is
therefore conceivable that the use of immobilized L. brevis cells may
provide a solution towards a reduction in the cost of GABA pro-
duction. To address the above issues, in this paper, a recombinant
L. brevis strain was constructed based on a nisin-controlled gene
expression system (NICE) for enhanced production of GABA by
overexpressing a C-terminally truncated GadA mutant, which is
active in expanded pH range (14,24). Subsequently, a simple but
efficient method for immobilization of the engineered L. brevis
strain in gellan gel beads was further developed, and its advantages
on GABA productivity and yield has also been determined.
MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions The bacterial strains
and plasmids used in this work are listed in Table S1. E. coli strains were aerobically
grownwith shaking at 250 rpm in Luria‒Bertani (LB) broth at 37�C. Lactococcus lactis
strains were grown in M17 medium (Hopebiol, Qingdao, China) supplemented with
0.5% glucose (GM17) at 30�C. L. brevis strains were generally cultured in MRS
medium (Hangzhou Microbial Reagent Co., Ltd., China) at 37�C without agitation.
Selective media contained 7 mg/mL erythromycin or 10 mg/mL chloramphenicol for
selection of L. brevis, and 20 mg/mL chloramphenicol was used for the selection of
E. coli. In fermentation experiments, L. brevis cells were grown in glucose yeast
extract peptone (GYP) medium as described previously (10) with minor
modifications (g/L): glucose, 20; yeast extract, 15; peptone, 5; CH3COONa, 3;
FeSO4$7H2O, 0.001; MgSO4$7H2O, 0.03; NaCl, 0.001; MnSO4$4H2O, 0.02; L-
monosodium glutamate (MSG), 72.75. Under the pH-controlled batch
fermentations, pH was adjusted and maintained by automatic addition of 3 mol/L
NaOH or 3 mol/L H2SO4.

Construction of expressing plasmids and strains For expression of GadA
and its mutant in L. brevis, thewild-type gadA (Accession number: GU987102) and C-
terminal truncated GadAmutant geneswere amplified by PCR using pET28a-gadA as
the template with primers gadA-F and gadA-R and with gadA-F and gadAD14-R,
respectively. To delete the last 14 C-terminal amino acid residues of the peptide
chain, the TTC codon between 1363 and 1365 bp in gadA gene was replaced with
the stop codon (TAA) through primers design and PCR. The information on
primers is listed in Table S2. After digestion with the enzymes PstI and XbaI, the
gene fragments were ligated into the nisin-inducible expression vector pNZ8148
to generate pNZ8148-gadA and pNZ8148-gadADC14, respectively. Subsequently, the
recombinant plasmids were further transformed into L. brevis 9530 to form
L. brevis GadA and L. brevis GadADC14, respectively. All plasmids were constructed
in E. coli MC1061 and then transformed into L. brevis by electroporation as
described in our previous work (11).

Expression of wild type and C-terminal truncated GADs in L. brevis Nisin
induction was carried out essentially as described by Pavan et al. (25). Overnight
grown cultures of the recombinant L. brevis strains in GYP broth supplemented
with 7 mg/mL erythromycin and 10 mg/mL chloramphenicol were inoculated at a
level of 2% into fresh media. After incubating at 37�C for 12 h, cultures were
induced with 5 ng/mL of nisin, and subsequently incubated for two days at 37�C.
Following nisin induction of L. brevis CK, L. brevis GadA and L. brevis GadADC14,
GABA concentration and cell-bound GAD activity assays were completed to
compare the productive performances of the three strains. Moreover, the
expression of wild-type and mutant GadA (GadADC14) in L. brevis was confirmed
by SDS-PAGE analysis as described in our previous work (11).

GABA and cell-bound GAD activity assay Cell-bound GAD activity was
determined by measuring the amount of GABA formed at 37�C in a reaction mixture
containing 0.1 mg (dry cell weight)/mL cell biomass, 0.2 mol/L sodium acetate buffer
(pH 4.8) and 60 mmol/L MSG. One unit (U) of GAD activity was defined as the
amount of cells that produced 1 mmol of GABA in 1 min under the above conditions.
Specific activity was defined as U/mg dry cell weight cells. The concentrations of Glu
and GABA were determined by reversed phase high-performance liquid
chromatography as described by Marquez et al. (26).

Preparation and characterization of immobilized cells of L. brevis The
gellan gum, agar and k-carrageenan were used as support matrix for cells immo-
bilization in this work. The interphase technique described by López et al. was used
to form gel beads from agar and k-carrageenan (27). Similarly, the ionotropic
method described by Woodward was used to form gel beads from gellan gum
(28). 1 g of gellan gum was dissolved in 90 mL of deionized double-distilled water
by using magnetic stirrer. Subsequently, 10 mL of cell suspension (OD600 ¼ 50)
were added to the carrier solution. The gellan gel and cell suspension were mixed
at a ratio of cell dry weight to dry polymers powder of 0.27 (wt/wt). The
immobilized cells were formed by extruding the mixture through a 20 mL glass
syringe with an 21 G hypodermic needle into 0.2 mol/L CaCl2 and letting it harden
for 1 h. The morphology of cells immobilized in gel beads was determined using a
scanning electron microscope (SEM) (SU70; Hitachi, Japan). Mean diameter was
calculated by measurement of diameter of 20 randomly chosen beads. The
breakage of beads was determined as the quotient of the number of broken beads
divided by the total number of beads.

Biotransformation of MSG to GABA by resting and immobilized cells of L.
brevis To optimize the reaction conditions for the biotransformation of MSG to
GABA by resting cells of L. brevis, nisin-induced engineered cells were harvested
after 24 h of cultivation via centrifugation at 6000� g for 15 min at 4�C, washed
twice with 0.05 mol/L sodium phosphate buffer (pH 6.8), and then resuspended in
0.1 mol/L Na2HPO4-citric acid buffer at 2.7 g dry cell weight per liter.
Subsequently, 25 mL of mixture containing various concentrations of MSG in
50 mL Erlenmeyer flask was used with variations as follows. The pH value was
from 3.6 to 5.6 and temperature range was from 20�C to 50�C. The mixture was
shaken at 150 rpm. To document the dominant effect of temperature on the
activity, the thermal stability of biocatalyst has also been determined. The
immobilized and free cells were incubated for 30 min at different temperatures,
and then put into the 0.1 mol/L Na2HPO4-citric acid buffer, respectively,
containing 120 mmol/L MSG at pH 4.4 and 40�C.

During the decarboxylation reaction, samples were withdrawn periodically
and subjected for GABA analysis. Similarly, 67.5 mg (dry cell weight) of the
immobilized cells was added to 25 mL reaction mixture. The GABA transformation
experiments were performed under the same reaction conditions as described
above. In the recycling experiments, after each transformation batch, the free and
immobilized cells were collected by centrifugation and filtration, respectively, and
then were washed twice with Na2HPO4-citric acid buffer to remove the soluble
impurities. After the washing buffer was removed, 25 mL of fresh buffer con-
taining MSG was added to repeat the cycle. All experiments were performed in
triplicate.

RESULTS AND DISCUSSION

Comparison of GAD activity of L. brevis strains In our
previous work, a C-terminal truncated mutant of GadA derived
from L. brevis CGMCC1306, GadADC14, was constructed according to
themonomer homologymodel of wild-type GAD deduced from the
E. coli GadB structure and exhibited higher activity at pH values
above 5.6 (14). To document the progress of this mutant to cell-
bound GAD activity, the wild-type gadA and mutant genes were
cloned into pNZ8148, and subsequently transformed into strain
L. brevis 9530 (11) to form L. brevis GAD and L. brevis GADDC14,
respectively. The gadA and mutant genes were under the control
of the nisin-inducible nisA promoter (Fig. S1A). After induction
with 5 ng/mL nisin, the samples of recombinant L. brevis strains
that grown in GYP fermentation media under acidic conditions
(pH 5.2) were collected periodically during the cultivation for
extraction or determination of cell-bound GAD activity. Analysis
of cell extracts by SDS-PAGE revealed that the protein bands were
consistent with the predicted molecular mass of recombinant
GadA and GadADC14 (Fig. S1B). It is evident that both the GadA
and mutant GadADC14 were well expressed under nisA promoter
with high solubility.

To evaluate whether overexpression of GadA and GadADC14
could improve GABA productivity, cell-bound GAD activity of
L. brevis at different growth phases was further assayed. As shown
in Fig. 1, the three strains showed similar trends in the GAD activity
during the course of batch fermentation. Increased cell-bound GAD
activity was observed during the exponential growth phase, and
then a slow decrease was found from the start of the stationary
(30 h). The specific cell-bound GAD activity of L. brevis peaked
during the late exponential growth phase (24 h), and the highest
activities for L. brevis CK, L. brevis GadA and L. brevis GadADC14 were
0.692 � 0.017, 0.928 � 0.041 and 1.177 � 0.081 U/mgDCW, respec-
tively. Obviously, both of the two engineered strains revealed
higher GAD activities than that of wild strain. Moreover, the re-
combinant strain harboring pNZ9530/pNZ8148-gadADC14 system
achieved a preferable result in the increased GAD activity to that of
other strains. As expected, expanding the active pH range of GAD
has the advantage of favoring the decarboxylation reaction medi-
ated by L. brevis cells.
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FIG. 2. Time courses of cell growth, GABA production and residual MSG in batch
fermentation under uncontrolled (A) and controlled pH conditions (B). The OD600

(circles), GABA (triangles), MSG (diamonds) and pH (squares) value of L. brevis CK
(solid) and L. brevis GadADC14 (hollow) grown in the fermentation medium for over
60 h at 37�C were measured. Data are presented as mean � SD values from three
independent experiments.
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FIG. 1. The cell-bound GAD activities of L. brevis strains during the course of batch
fermentation with pH controlled at 5.2. L. brevis CK (closed columns), L. brevis GadA
(light gray columns), L. brevis GadADC14 (dark gray columns). One unit (U) of GAD ac-
tivity was defined as the amount of cells that produced 1 mmol of GABA in 1 min under
the conditions as described in materials and methods. Specific activity was defined as
U/mg dry cell weight cells.
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Improvement of GABA biosynthesis by overexpressing the C-
terminally truncated GAD in L. brevis To confirm that over-
expressing of the C-terminally truncated GadA mutant contributes
to higher GABA productivity, the GABA production using L. brevis CK
and L. brevis GadADC14 in batch culturewere further investigated. As
shown in Fig. 2A, the pH profile of L. brevis GadADC14 under the
uncontrolled pH condition gradually decreased from initial value
of 6.8 to less than 5.3 within 24 h of cultivation. Subsequently,
the fermentation pH started to increase and reached 8.3 at 60 h.
The time at which the pH of the culture medium began to
increase coincided with that of GABA production during the
fermentation process. After 60 h of fermentation, approximately
20.36 g/L of GABA was obtained from 72.75 g/L of MSG at a
conversion rate of 45.9%. Similar results have also been observed
for strain L. brevis CK, while the GABA content (18.15 g/L) and the
final pH value (7.9) in culture medium were relatively lower than
that of L. brevis GadADC14. In addition, it is noteworthy that the
direct conversion of MSG to GABA by L. brevis was initiated in late
exponential growth phase when the culture pH was relatively
lower than initial pH, as was the case for L. lactis (29) and
L. brevis NCL912 (30).

In contrast with the observations under uncontrolled pH con-
dition, the GABA production by L. brevis under controlled pH con-
dition (pH 5.2) was initiated in the early exponential growth phase,
and GABA content increased rapidly during the exponential growth
phase whereas the MSG content decreased sharply, as shown in
Fig. 2B. As expected, relatively higher GABA yield and conversion
rate of L. brevis GadADC14 (42.27 g/L, 95.34%) than L. brevis CK
(34.79 g/L, 78.44%) was also observed at 60 h of cultivation. At the
same time, the GABAvolumetric productivity of 2.18 g/L/h obtained
in cultivation at pH 5.2 for L. brevis GadADC14 was obviously higher
than that obtained for the control strain (1.74 g/L/h) during the
exponential growth phase (12e30 h). Moreover, it should be
mentioned that the final cell density (OD600) of L. brevis CK and
L. brevis GadADC14 reached 6.5 and 5.8, respectively, and increased
by 80.6% and 81.3% as compared to the two strains cultured under
uncontrolled pH conditions.

Selection of immobilization supports Immobilized micro-
bial cells are frequently used for preparation of a series of metabolic
products in the food and pharmaceutical industries. It can be ad-
vantageous to use immobilized L. brevis cells for GABA produc-
tion, thus avoiding separation and purification of the enzyme,
simplifying the product purification process, and enhancing long-
term operation stability (23). Among various immobilization
methods, encapsulation is one of the most promising strategies
realized under mild conditions, commonly with minimum
denaturation of the biocatalysts (31). Furthermore, in search of
suitable matrices for the encapsulation of cells, naturally
occurring hydrogels, like gellan gum, agar and k-carrageenan
have been found to be the top candidates in terms of the
biocompatibility and processability (32e34). Thus, the three gel
polymers were selected as the support matrix in this work.

After immobilization, the physical properties of encapsulated
cells were analyzed. Results are shown in Table 1. All gel beads were
spherical and homogeneous, and showed strong resistance to
breakage. Subsequently, to investigate the influence of encapsula-
tion on GAD activity, the biotransformations of MSG to GABA by
free and immobilized cells in the 0.1 mol/L Na2HPO4-citric acid
buffer containing 120 mmol/L MSG at pH 4.8 and 37�C were per-
formed. As shown in Fig. 3, more than 9.13 g/L of GABA could be
effectively produced in 5 h by immobilized cells when gellan gum
served as the immobilization support. However, the GABA con-
version rates of cells immobilized by k-carrageenan and agar were
relatively lower, and the generated contents of GABAwere 7. 95 g/L
and 7.41 g/L after 5 h of incubation, respectively. It is clear that the
GAD activity of immobilized L. brevis GadADC14 was affected by the
nature of the entrapping carrier, and the gellan gum showed to
entrapmore GAD activity than that of agar and k-carrageenan. Such
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FIG. 3. The biotransformations of MSG to GABA by free and immobilized cells in
different supports. Free cells (solid squares), cells immobilized by gellan gum (open
circles), cells immobilized by k-carrageenan (solid triangles), cells immobilized by agar
(open triangles). Before immobilization, cells of L. brevis GadADC14 were grown into late
exponential growth phase (24 h) under the controlled pH conditions (pH 5.2) to
maximize GAD activity. The biotransformation was performed in the 0.1 mol/L
Na2HPO4-citric acid buffer containing 120 mmol/L MSG at pH 4.8 and 37�C. The same
amounts of cells (the cell dry weight was 67.5 mg) were used in all experiments.

TABLE 1. Properties of gel beads prepared with different polymers.

Polymer Concentration (%) Bead-forming
procedure

Immobilization
temperature (oC)

Form Bead size without cells
mm � S.D.

Bead size with cells
mm � S.D.

Breakage (%)

Agar 2 Interphase 45 Spherical 2.63 � 0.21 3.04 � 0.17 0
k-Carrageenan 2 Interphase 55 Spherical 2.61 � 0.23 2.93 � 0.14 0
Gellan gum 1 Ionotropic 20 Spherical 2.34 � 0.18 2.61 � 0.15 0
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phenomenon has also been observed in the degradation of carba-
zole by Arthrobacter sp. and Sphingomonas sp. immobilized in these
gel polymers (32,33). In addition, it is important to note that the
conversion ability of MSG into GABA was reduced when the cells
were immobilized as compared to free cells. This common feature
may be attributed to the mass transfer limitation of bioavailable
concentration in the inner spaces of the beads in contrast to that
in the bulk liquid (35). Despite of this shortcomings, gellan gum
was selected as the most suitable support in the subsequent
experiments.

Effects of pH, temperature and substrate concentration on
the biotransformation of MSG to GABA To achieve the
optimal conditions for maximum yield of GABA, the effects of oper-
ational pH, temperature and substrate concentration on the GAD
activity of free and immobilized L. brevis GadADC14 cells were per-
formed. As shown in Fig. 4A, the highest activity of immobilized cells
was achieved at pH 4.4, entirely consistent with that of free cells.
However, the immobilized cells retained 52.1% of its maximum
activity at pH 3.6 and 93.4% at pH 4.0, respectively, whereas
free cells retained only 39.8% and 84.6% of its maximum activity at
the same pH, respectively. It was apparent that the immobilized
cells were less pH-sensitive from pH values comprised between
3.6 and 4.4, probably owing to the microenvironment provided
by the gel networks which may shield cells from the effects of
Hþ ions (36).

Similarly, the temperature optimum for free cells and their
immobilized form is shown in Fig. 4B. At low temperatures, the
activities of both free and immobilized cells increased as temper-
ature raised, with the same maximum value being observed at
40�C, above which the activities tended to decrease. However, the
immobilization resulted in slower decline in GAD activity. To
further document the dominant effect of temperature on the ac-
tivity, the thermal stability of biocatalyst has also been determined
as described in materials and methods. As shown in Fig. 4C, there
was no obvious differences occurred for the temperature ranged
from 20�C to 40�C. In contrast, when the temperature was raised to
50�C, there was an obvious decrease in the activity of the immo-
bilized and free cells after incubation. After incubation at 60�C for
30 min, the activity of the free cells decreased to 42.7% of the initial
value, whilst the immobilized biocatalyst still retained 79.3% of its
initial activity. It is obvious that the cells immobilized in gellan gum
beads displayed a broader temperature profile and provided a
distinct advantage in thermal stability than suspended cells.
Accordingly, the greater stability of immobilized cells can be
ascribed to the stabilizing effects of immobilization. Overall, these
observations were generally reported during the biotransformation
by immobilized biocatalysts (23,31).

The effects of initial substrate concentration ranging from 40 to
200 mmol/L on bioconversion to GABA were also determined at
40�C in the 0.1 mol/L Na2HPO4-citric acid buffer with pH controlled
at 4.4. Results are shown in Fig. 4D. The GABA levels progressively
increase in response to increasing concentration of MSG, with the
maximum values being observed at 140 mmol/L and 160 mmol/L
for the free and immobilized cells, respectively, above which the
increase finally leveled off. After 5 h of incubation at the optimal
substrate concentration, the corresponding GABA level and con-
version rate of immobilized cells were 10.15 g/L and 61.5%,
respectively. In the case of suspended cells, those values were found
to be 11.97 g/L and 82.9%, respectively. Furthermore, the immobi-
lized cells showed a similar trend in GABA production with that of
free cells during the course of incubation on the optimum condi-
tions, although the reaction rate (V) was relative lower during the
first 2 h of the reaction (Fig. 4E). However, the reaction rates of
immobilized biocatalyst and free cells were retained less than 20.9%
and 15.4% of their initial values after incubation for up to 3 h,
respectively, and then diminished almost after another hour. Take
these factors into consideration, a 4-h cycle was suitable for the
production of GABA by using the immobilized L. brevis
GadADC14 cells in the above reaction system.

Repeated batch process of free and immobilized cells of L.
brevis The reuse stability of biocatalysts is one of the most
important factors affecting the utilization of an immobilized cells
system in industrial process (23). Here, the operational stability of
immobilized L. brevis cells was ascertained by reusing the
biocatalysts for a total of 10 times within 2 days, each of 4 h
duration. As shown in Fig. 5, the yield of entrapped L. brevis
GadADC14 cells remained unchanged during the first 4 cycles,
while diminished progressively with the increase of number of
reaction cycles. In contrast, the reusability of free cells was
inferior to that of immobilized biocatalyst during successive
cycles of the decarboxylation reaction. The yield of GABA dropped
to about 43.6% after seven 4-h cycles of reaction with the free-cell
biocatalyst, however, when the immobilized cells was used, the
yield maintained at 61.9% even after 10 cycles of reaction.

Developing a repeatedly available immobilized L. brevis
GadADC14 cells provides a promising technique for improving the
biocatalyst used in the biotransformation of MSG to GABA. As
described previously (34), the gellan gel is a polymer free of toxicity
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immobilized cells.
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and has a stable pH value ranging from 2 to 10. Our results also
displayed that no broken pieces were found during the catalytic
process, and the L. brevis GadADC14 cells could be clearly observed
on the surfaces and insides of gellan gel beads (Fig. S2). However, it
should be noted that a disadvantage of immobilization was the
decrease in reaction kinetics due to diffusion effects across the gel,
partly offsetting the objective of process intensification through the
use of higher cell concentrations (35). Nevertheless, the repeated
use of immobilized cells can compensate it. As expected, the
encouraging alteration in GABA level has occurred at the third cycle
of the biotransformation experiments. After seven consecutive re-
action cycles, the total amounts of GABA for free and immobilized
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FIG. 5. Effects of reuse number on the GABA yield of free (dark gray columns) and
immobilized L. brevis GadADC14 cells (light gray columns). Biotransformation of each
batch was carried out in the 0.1 mol/L Na2HPO4-citric acid buffer (pH 4.4) at 40�C for
4 h. The initial MSG concentrations were 140 mmol/L and 160 mmol/L for free and
immobilized cells, respectively.
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cells were 54.97 g/L and 66.31 g/L, respectively. Consequently, the
immobilization of L. brevis GadADC14 cells offered significant ad-
vantages in terms of increasing the process stability of the biocat-
alyst, whichwas likely tomake the immobilized cells more valuable
for industrial applications. In further studies, the commonly used
three-phase fluidized bed and airlift bioreactor could be applied to
evaluate the ability of continuous operation for GABA production
by immobilized gellan gel beads.

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jbiosc.2019.01.010.
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