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Abstract

Background: γ-Amino butyric acid (GABA) is a major inhibitory neurotransmitter of the mammalian central nervous
system that plays a vital role in regulating vital neurological functions. The enzyme responsible for producing GABA
is glutamate decarboxylase (GAD), an intracellular enzyme that both food and pharmaceutical industries are
currently using as the major catalyst in trial biotransformation process of GABA. We have successfully isolated a
novel strain of Aspergillus oryzae NSK that possesses a relatively high GABA biosynthesizing capability compared to
other reported GABA-producing fungal strains, indicating the presence of an active GAD. This finding has prompted
us to explore an effective method to recover maximum amount of GAD for further studies on the GAD’s biochem-
ical and kinetic properties. The extraction techniques examined were enzymatic lysis, chemical permeabilization,
and mechanical disruption. Under the GAD activity assay used, one unit of GAD activity is expressed as 1 μmol of
GABA produced per min per ml enzyme extract (U/ml) while the specific activity was expressed as U/mg protein.

Results: Mechanical disruption by sonication, which yielded 1.99 U/mg of GAD, was by far the most effective cell
disintegration method compared with the other extraction procedures examined. In contrast, the second most
effective method, freeze grinding followed by 10% v/v toluene permeabilization at 25°C for 120 min, yielded only
1.17 U/mg of GAD, which is 170% lower than the sonication method. Optimized enzymatic lysis with 3 mg/ml
Yatalase® at 60°C for 30 min was the least effective. It yielded only 0.70 U/mg of GAD. Extraction using sonication
was further optimized using a one-variable-at-a-time approach (OVAT). Results obtained show that the yield of GAD
increased 176% from 1.99 U/mg to 3.50 U/mg.

Conclusion: Of the techniques used to extract GAD from A. oryzae NSK, sonication was found to be the best.
Under optimized conditions, about 176% of GAD was recovered compared to recovery under non optimized
conditions. The high production level of GAD in this strain offers an opportunity to conduct further studies on
GABA production at a larger scale.
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Background
Glutamate decarboxylase (GAD) is a unique enzyme that
catalyzes the irreversible conversion of L-glutamic acid
(Glu) to γ-aminobutyric acid (GABA) and carbon diox-
ide through a single step α-decarboxylation pathway.
The cofactor that is involved in the pathway is pyridoxal
phosphate [1]. GABA, a major inhibitory neurotransmit-
ter, participates in all functions of the central nervous
system (CNS) by blocking nerve impulses, without
which or at low level will cause neurological disorders
such as Parkinson’s disease, Huntington’s chorea, cogni-
tive impairment, and etc [1,2]. GABA also has additional
physiological roles, which include lowering of blood
pressure and cholesterol level, calming and tranquilizing
influences, antidiabetic and diuretic effects, etc. [3-5].
Because of these therapeutic properties, GABA has the
potential to be incorporated into commercially signifi-
cant foods and pharmaceutical products. Since GAD is
the specific enzyme that catalyzes the production of
GABA, it could be an important addition to enzymes
that are already used in the food and pharmaceutical
industries, and thus the extraction of GAD from safe
and reliable sources will play a crucial aspect in the
production of GABA.
GAD can be found naturally in a rich diversity of or-

ganisms, ranging from microscopic organisms to higher
plants and animals. It is primarily isolated from micro-
bial sources including bacteria, yeasts and molds [6-9].
Among these sources, Aspergillus oryzae was frequently
chosen for its ability to secrete various desired enzymes
that are widely used in the production of fermented
foods such as soysauce, vinegar etc [7]. GAD is reported
as one of the enzymes that can be produced by this
fungus [7,9]. A further recognition as a Generally Recog-
nized as Safe (GRAS) microorganism by the United
States Food and Drug Administration (FDA) and World
Health Organization makes it an attractive GABA-
producing candidate to be safely utilized in funcitonal
food production on an industrial scale (WHO) [10,11]
In order to recover high amounts of GAD from the

mycelia of A. oryzae, the method used to disintegrate
the cells ideally should not affect the activity and proper-
ties of the enzyme [12]. The nature of GAD as an intra-
cellular enzyme implies that an additional lysis step is
required for the complete destruction of the cell wall in
order to release the enzyme [13,14]. Various cell disrup-
tion methods, either mechanical or non-mechanical,
have been employed to release the protein content of
fungal cells [15-18]. Isolation of enzymes using non-
mechanical means involves either chemical treatment or
the use of lytic enzymes. The former affects the cells dir-
ectly but may cause autolysis by intracellular enzymes,
as has been reported for yeasts [19], while the latter is
regarded as gentle to fungi cells with high specificity but
they are costly in large-scale intracellular protein recov-
ery [12,15]. Furthermore, the complex composition of
fungal cell walls may require a treatment that consists of
a mixture of different enzymes, thus it might not be
efficient.
Mechanical disruption means disruption of cells with-

out the addition of either chemicals or enzymes. Gener-
ally, this technique of cell breakage is economical and
suitable for large-scale preparations. However, it pro-
duces excessive heat, which needs to be monitored and
controlled [20]. Among various mechanical methods,
sonication is the most commonly applied mechanical
methods for its ease of up-scaling process and it requires
neither sophisticated instrument nor extensive technical
training [21]. Fungal cells suspended in a liquid
buffer are broken apart by intense sonic pressure waves
generated by an ultrasonicator. The pressure waves
create micro bubbles that grow and coalesce, vibrate vio-
lently and eventually causing implosions that generate
high energy shock wave sufficient to disrupt cells [22].
Homogenization is another appropriate technique that
may work well with cells that are difficult to be lysed e.g.
fungi cells [20]. The cells are disrupted by high shear
forces exerted from external pressure actions e.g. grind-
ing via bead mill, high pressure homogenizer, pestle and
tube homogenizer, etc [22,23].
There are very few studies performed on the recovery of

GAD from A. oryzae and thus the search for an effective
technique that recovers high amounts of GAD from the
fungus remains a significant area for exploratory study. In
the present study, the efficiency of different cell disruption
methods in maximizing the recovery of intracellular GAD
from A. oryzae NSK was investigated.

Methods
Fungal strain
Aspergillus oryzae NSK (GenBank:JN381021) with high
GABA biosynthesizing property was isolated from a koji
sample produced by a local soy sauce processing plant
and stored at −40°C on a PDA slant containing 20 (w/v)
glycerol [24].

Materials
γ-Amino butyric acid (GABA), 5′-pyridoxal phosphate (5′
PLP) and calcium chloride dihydrate were obtained from
Sigma Aldrich Inc. (St. Louis, MO, USA). Methanol, tolu-
ene, hexane, acetone, chloroform, potato dextrose agar
(PDA), Tween 80, glucose monohydrate, L-glutamic acid,
magnesium sulfate heptahydrate, sodium carbonate,
monopotassium phosphate, and Lactophenol Cotton
Blue were purchased from Merck (Germany). Bacto™
yeast extract was from Becton, Dickinson & Company
(USA). Yatalase® enzyme was purchased from Takara
Shuzo Co. (Otsu, Shiga, Japan). Triton X-100, 3-[(3-
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Cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), sodium dodecyl sulfate (SDS), and citric acid
monohydrate were purchased from Acros Organics (Geel,
Belgium). Trisodium citrate was sourced from Fisher
Scientific (United States). All chemicals were of analytical
reagent grade.

Conidia preparation and submerged cultivation of A.
oryzae NSK
Conidia of A. oryzae NSK were prepared from a 5-day
old culture on PDA (incubated at room temperature) by
scraping them into 5.0 mL of 5 (w/v) Tween 80 under
sterile condition. The number of conidia was determined
using a hemocytometer. Conidia at 104 mL-1 cell con-
centration was inoculated in a medium (pH 5.5) contain-
ing 5 (w/v) glucose, 0.4% (w/v) L-glutamic acid, 0.1%
(w/v) MgSO47H2O, 0.15% (w/v) KH2PO4, 0.6% (w/v)
yeast extract and 0.2% (w/v) CaCl2.2H2O. The medium
was then incubated for 3 days in an orbital shaker at
200 rpm and 37°C. Fungal mycelia that germinated from
the conidia were harvested by filtration through a What-
man No. 4 nylon membrane filter and the filtrate was
collected for the analysis of possible extracellular GAD
activity [24].

Extraction of glutamate decarboxylase (GAD) from
fungal mycelia
Mycelia at 10% (w/v) (wet weight basis) suspension were
used throughout GAD extraction procedures. The myce-
lia were suspended in 50 mM citrate buffer (pH 5.5) and
extraction was performed according to the procedures
as described in Sections 2.5-2.9. GAD activity and sol-
uble protein concentration were measured during the
screening stage in order to monitor the efficiency of dif-
ferent extraction methods. Comparison of efficiency is
made based on the specific activity. The best method
was selected for further optimization. All experiments
were carried out in triplicate.

Enzymatic lysis
Enzymatic lysis of mycelia was performed using different
concentrations (3, 5, 10, 15, 20, & 25 mg/mL) of
Yatalase®, an enzyme preparation that consists mainly of
chitinase, chitobiase and β-1,3 glucanase, dissolved in
50 mM sodium citrate buffer, pH 5.5. Cell lysis was per-
formed based on four parameters: cell concentration (5,
10, 20, 30, 40, 50, & 60% w/v), incubation temperature
(25, 30, 35, 40, 45, 50, 55, 60, & 70°C), and incubation
time (15, 30, 60, 120, 180, 240, & 300 min). Each of the
parameter was optimized by maintaining all the other
parameters at a constant value i.e. 10% (w/v) cell con-
centration, 60 min and 30°C incubation time and
temperature, and 10 mg/mL of Yatalase®. At the end of
the experiment, the cell suspension was centrifuged at
14,000 × g for 30 min at 4°C and the supernatant was
analyzed for GAD activity (Takara Bio Inc.).
Chemical permeabilization
The effect of organic solvents on cell permeabilization
was performed according to Klimek-Ochab et al [15]
with some modification. Five types of organic solvents
namely ethanol, toluene, acetone, chloroform and buta-
nol were tested. A 10% (w/v) suspension of pre-ground
mycelia according to the Section 2.7, was prepared in 1 mL
of 50 mM citrate buffer, pH 5.5, containing 10% v/v organic
solvent and shaken at room temperature (25°C) with differ-
ent incubation time (30, 60, & 120 min). The cell suspen-
sion was then centrifuged at 14,000 × g for 30 min at 4°C
and the supernatant was analyzed for GAD activity.
For detergent permeabilization, pre-ground mycelia

were suspended separately in 0.2% (v/v) aqueous solu-
tions of detergents (Triton X-100, CHAPS, Tween 80,
and SDS) to give a working concentration of 10% cell
(w/v), and incubated with shaking (200 rpm) at room
temperature (25°C) under three different incubation
time (30, 60, & 120 min) [15].
Cell breakage with liquid nitrogen
Mycelia were frozen rapidly using liquid nitrogen and
ground into fine powder using a pre-chilled mortar and
pestle. The ground mycelia were suspended in 50 mM
citrate buffer, pH 5.5, to give a working concentration of
10% (w/v) and vortexed for 1 min. The cell suspension
was then centrifuged at 14,000 × g for 30 min at 4°C and
supernatant was analyzed for GAD activity.
High speed homogenization
Mycelia (10% w/v) were suspended in 50 mL of cold cit-
rate buffer (4°C). The suspension was placed in a salt
ice-water bath and the cells were disrupted using a high
speed homogenizer (Miccra D-9, Germany) at different
speed (14,000, 16,000, 18,000, 21,000, & 24,000 rpm).
The cell suspension was then centrifuged at 14,000 × g
for 30 min at 4°C and the supernatant was analyzed for
enzyme activity.
Sonication
Mycelia (10% w/v) were suspended in 10 mL of cold cit-
rate buffer (4°C) and disrupted with an ultrasonic
homogenizer (Biologics, Inc., USA) at 50% of pulser,
30 W for a total of 10 min in a salt ice-water bath.
Sonication was stopped every 30 s to allow the cell
suspension to cool down for 30 s. Centrifugation was
performed at 14,000 × g for 30 min and the resulting
supernatant was examined for GAD activity.
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One-Variable-at-a-Time (OVAT) methodology for
optimizing the sonication protocol
Sonication was performed in an ice-water bath using a
Biologics Inc. (USA) ultrasonic homogenizer at 20 kHz.
All sonication parameters, except the one being opti-
mized, were maintained at 50% pulser, 10% cell concen-
tration, 10 mL cell suspension in 50 mM citrate buffer,
pH 5.5, and 30 W acoustic power. The investigated vari-
ables were cell concentration [2, 4, 6, 8, 10, 12, and 14%
(w/v)], cell suspension volume (4, 6, 8, 10, and 12 mL),
acoustic power (10, 20, 30, 40, and 50 W) and sonication
time (5, 10, 15, 20, and 25 min) on a discontinuous
mode (30 s of sonication cycle followed by a cooling
interval of 30 s). The distance between the sonicator tip
and the base of sample holder was maintained at a
distance of 2 cm throughout the experiment. All
experiments were carried out in triplicate.

Determination of GAD activity
Enzyme solution (0.1 mL) was mixed with 0.9 mL of re-
action mixture comprising 50 mM L-glutamic acid and
50 μM PLP in 100 mM citrate buffer at pH 5.5 and incu-
bated at 37°C for 30 min. The reaction was terminated
by the addition of 1.0 mL of 0.5 M Na2CO3 solution
[10]. The mixture was then centrifuged at 14,000 × g for
30 min at 4°C. The concentration of the product of reac-
tion (GABA) was determined according to the method
of Rossetti and Lombard (1996) [25]. Results of assay
were obtained in triplicate. One unit of GAD activity is
defined as the amount of GAD that produces 1 μmol of
GABA per min per mL extract (U/mL) while the specific
activity is defined as GAD activity (U) per mg protein
(U/mg).

Determination of GABA
The concentration of the product of reaction (GABA)
was determined according to the method of Rossetti and
Lombard (1996) [25]. A 100 μL aliquot of supernatant
(or of standard solution of GABA) was dried under vac-
uum. The residue was dissolved in 20 μL of ethanol-
water-triethylamine mixture (2:2:1 v/v) and evaporated
to dryness under vacuum. A 30 μL volume of ethanol-
water-triethylamine-PITC (7:1:1:1 v/v/v) mixture was
then added to the residue and allowed to react for
20 min at room temperature to form PITC-GABA. The
excess reagent was then removed under vacuum. The
dry residue containing PITC-GABA was dissolved in
200 μL of the mobile phase, consisting of a mixture of
60% Solution A (aqueous solution of 8.205 g sodium
acetate, 0.5 mL triethylamine, and 0.7 mL acetic acid in
1000 mL) adjusted to pH 5.8, 28% Solution B (deionized
water), and 12% Solution C (acetonitrile). Gradient
HPLC separations were performed on a Shimadzu LC
20AT apparatus, consisting of pump system, a CT0-
10ASVP model oven with a 20 μL injection loop in-
jector, and a Model SPD-M20A PDA detector, in con-
junction with a DELL Model DELL Optiplex integrator.
A Hypersil Gold C-18 column (250×4.6 mm I.D., par-
ticle size 5 μm; Thermoscientific, Meadow, UK) was
used for separation purposes. Separation was performed
at flow rate of 0.6 mL/min, 37°C and wavelength used
was UV 254 nm.

Protein assay
Protein concentration was determined according to
Bradford [26] with a protein assay kit (Merck, USA) and
bovine serum albumin was used as the protein standard.

Microscopic examination of fungal mycelia
Mycelia before and after all mechanical disruptions were
examined using a light microscope after staining with
Lactophenol Cotton Blue [27]. Magnification was be-
tween 4- to 40-fold.

Statistical Analysis
All experiments were conducted in triplicate. Statistical
analysis of the data was carried out using Statistical
Analysis System (SAS, Institute Inc, 1988).

Results and discussion
Comparison of enzymatic lysis, chemical permeabilization
and mechanical disruption on GAD yields
Recently, a novel strain of A. oryzae NSK with high
GABA biosynthesizing property was isolated from koji
samples provided by an industrial soy sauce processing
plant [24]. In order to determine the capability of this
strain in the bioconversion of L-glutamate to GABA, it
is necessary to develop an efficient method that is able
to recover high amounts of GAD. In this study, three
different extraction techniques namely enzymatic lysis,
chemical permeabilization, and mechanical disruption
were examined.

Enzymatic lysis
A commercial lytic enzyme, Yatalase®, capable of releas-
ing GAD from a fungal source has been suggested
elsewhere [7]. Studies were conducted to assess the effi-
ciency of enzymatic lysis by evaluating the effect of incu-
bation time (min), Yatalase® concentration (mg/ml), cell
concentration (% w/v), and incubation temperature (˚C)
on the release of GAD from fungal cell (Additional
file 1). Subsequently, the results demonstrated that max-
imum GAD yield was achieved when 30% (w/v) of cell
concentration was incubated with 3 mg/mL of Yatalase
at 60°C for 30 min and the final GAD yield obtained was
0.70 U/mg (Table 1). A plausible explanation to high
yields of GAD at temperature of 60°C may be due to
thermal-induced autolysis of fungus cells rather than



Table 1 Comparison of different cell disintegration techniques in the recovery of GAD

Total activity (U) Total protein (mg) Specific activity (U/mg)

Enzymatic lysis

Yatalase® (3 mg/ml, 30% w/v cell concentration, 30 min, 60˚C) 0.4 ± 0.01 0.61 ± 0.02 0.70 ± 0.02

Chemical permeabilization

Solvent permeabilization

Toluene, 10% (v/v), 120 min, 25°C 0.09 ± 0.02 0.14 ± 0.03 0.97 ± 0.05

Chloroform, 10% (v/v), 120 min, 25°C 0.15 ± 0.04 0.17 ± 0.07 0.88 ± 0.06

Butanol, 10% (v/v), 60 min, 25°C 0.06 ± 0.02 0.08 ± 0.04 0.78 ± 0.02

Ethanol, 10% (v/v), 120 min, 25°C 0.08 ± 0.01 0.19 ± 0.05 0.42 ± 0.04

Acetone, 10% (v/v), 60 min, 25°C 0.04 ± 0.03 0.17 ± 0.04 0.24 ± 0.07

Detergent permeabilization

Triton X-100, 0.2% (v/v), 120 min, 25°C 0.13 ± 0.04 0.14 ± 0.07 0.93 ± 0.08

CHAPSO, 0.2% (v/v), 120 min, 25°C 0.10 ± 0.07 0.17 ± 0.02 0.62 ± 0.04

Tween 80, 0.2% (v/v), 120 min, 25°C 0.09 ± 0.02 0.26 ± 0.05 0.36 ± 0.05

SDS, 0.2% (v/v), 120 min, 25°C 0.04 ± 0.02 0.15 ± 0.01 0.28 ± 0.08

Mechanical disruption

Sonication (10% w/v cell concentration, 50% pulser, 30 W, 10 min) 6.7 ± 0.02 3.40 ± 0.04 1.99 ± 0.38

High speed Homogenization (10% w/v cell concentration, 18,000 rpm, 30 min) 3.52 ± 0.02 14.0 ± 0.01 0.25 ± 0.03

Values are shown as the means ± SD over three independent replications.
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enzyme-induced release [28], since Yatalase®’s optimal
temperature is 37°C (Clontech Laboratories, Inc.). These
results also revealed an interesting finding of which the
GAD extracted from A. oryzae NSK may possess excel-
lent thermo stability although this is in contrast to the
results obtained by Tsuchiya et al [10] where GAD puri-
fied from A. oryzae was found to be thermally stable
below 40°C.

Chemical permeabilization
The efficiency of solvent permeabilization was examined
using five different solvents with hydrophobicity (Log P)
ranging from −0.24 to 2.69 (Table 1). Different types of
detergents were also assessed for their efficiency as cell
permeabilizing agents in releasing GAD from pre-
ground mycelia. According to Taubert et al [12], the
main location at which cell permeabilization occurs is
the outer layer of the hyphae that serves as the diffusion
barrier against permeabilizing agents. Based on this con-
cept, the fungal mycelia were first disrupted by grinding
the mycelia frozen by liquid nitrogen prior to incubation
with the permeabilizing agents. Among all of the sol-
vents used in cell permeabilization, 10% toluene-assisted
extraction (Log P = 2.14) at 25°C for 120 min yielded the
highest GAD (0.97 U/mg), followed by chloroform (Log
P = 2.69) with a specific activity of 0.88 U/mg. The use
of acetone (Log P = −0.24) led to a yield of 75.25% lesser
than toluene-assisted extraction.
In detergent permeabilization, the highest GAD yield

of 0.93 U/mg was obtained when the fungus was treated
with 0.2% Triton X-100 at 25°C for 120 min (Table 1).
On the other hand, SDS yielded the least amount of
intracellular enzyme, which might be due to the possibil-
ity of destructive impacts that were contributed by the
ionic interactions between the enzymes and detergent
residues [15].

Mechanical disruption
High speed homogenization and sonication were employed
as the mechanical means of cell disruption in this study.
High speed homogenization recorded an optimum GAD
yield of 0.25 U/mg under homogenization speed of
18,000 rpm. On the other hand, disruption of 10% (w/v)
cell concentration by sonication at 50% of pulser and 30 W
of acoustic power for 10 min has produced GAD yield of
1.99 U/mg. The results of all of the cell disruption methods
are summarized in Table 1 and it shows that sonication
method was the most efficient method to recover intracel-
lular GAD from A. oryzae. The GAD yield of sonication
method was 284% higher compared to other cell disruption
methods namely enzymatic lysis and about 221% higher
compared to treatment with detergent and solvent.
Furthermore, the degree of cell disruption by various

cell disruption methods was also determined by micro-
scopic examination of cell debris. Prior to cell disrup-
tion, A. oryzae appears as filamentous mycelia pellets
under 10X magnification (figure 1a) and its filaments
appears as interwoven complex of hyphae under 40X
magnification (figure 1b). Among all the cell disruption
techniques, the mycelia under sonication were found to



Figure 1 Light microscopy of mycelia from A. oryzae NSK before and after cell disruption. (a) Original structure of mycelia before cell
disruption with X4 magnification; (b) Original structure of mycelia before cell disruption with X40 magnification; (c) Enzymatic lysis by Yatalase®
(30 min, 3 mg/ml, 30% w/v cell concentration, 60˚C) with X10 magnification; (d) Enzymatic lysis by Yatalase® with X40 magnification; (e) Cell
permeabilized by toluene (0.2% (v/v) toluene, cell concentration 10% (w/v), 120 min, 25°C) with X10 magnification; (f) Cell permeabilized by
toluene with X40 magnification; (g) After sonication with X10 magnification (cell concentration 12% (w/v), 8 mL suspension volume, 50 W &
20 min) and (h) After sonication with X40 magnification.
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be completely disintegrated and uniformly dispersed in
the suspension (Figure 1g). On the other hand, the
formation of clustered hyphae resulted from toluene
permeabilization shows partial disruption evidently (1e
& 1f). As for enzymatic lysis (Figure 1c and 1d), the
hyphae were seen largely intact under microscopy,
incidentally, it also produced the lowest yield of GAD
among all the methods employed. From these observa-
tions, it is noteworthy that complete cell disruption gave
higher yield as it allows more intracellular content to be
released and in turn increasing the GAD yield. The
efficiency of sonication method in GAD extraction have
led to further optimization of its critical parameters in
order to recover the maximum amount of GAD from
fungal cells.

Optimization of sonication protocols
Four critical parameters of sonication including cell con-
centration (% w/v), buffer suspension volume (mL),
acoustic power (watt), and sonication time (min) were
optimized for the maximum recovery of GAD. The
effect of cell concentration (% w/v) ranging from 2% to
14% was determined. As shown in Figure 2a, the max-
imum yield of GAD (1.55 U/mg) was obtained when
12% of cell concentration was applied but the yield
decreased significantly (P < 0.05) when cell concentra-
tion was further increased. Similar observation was also
reported by Saptarshi and Lele [17] whom demonstrated
that the recovery of intracellular L-asparaginase is dir-
ectly proportional to the cell concentration but reduc-
tion of enzyme yield occurred beyond the optimum cell
concentration. This phenomenon could be due to the
distortion of frequency on sonic wave’s passages and
severe attenuation on sound intensity under highly satu-
rated condition [16,29]. Both effects cause the reduction
in the cavitation zone and consequently the disruption of
mycelia cell becomes less effective, which can be observed
from Figure 2a where GAD activity and soluble proteins
were started to decline at 12% of cell concentration.
The effect of suspension volume is shown in Figure 2b,

where the highest GAD activity was obtained at 6 mL of
suspension volume. Increasing the volume further sig-
nificantly decreased the recovered activity. A similar
trend was reported by other researchers during the re-
covery of intracellular proteins such as L-asparaginase
and hepatitis B core antigen [17,18,30]. The reason for
this phenomenon is that at lower suspension volume,
more sonic energy was dissipated per unit of volume
causing the generation of extremely strong cavitation
that led to the alteration of protein molecules and hence
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Figure 2 Optimization of sonication protocols on the recovery of GAD. (a) Effect of cell concentration (% w/v) on GAD release by
suspending the mycelia in 10 mL of citrate buffer at pH 5.5 and sonicated at 20 Khz, 50 W for 10 min; (b) Effect of buffer suspension volume
(mL) on GAD release by sonicate 10% (w/v) of mycelia at 20 Khz, 50 W for 10 min; (c) Effect of acoustic power (watt) on GAD release by
suspending mycelia (10% w/v) in 10 mL of citrate buffer at pH 5.5 and sonicated at 20 Khz for 10 min; (d) Effect of sonication time (min) on GAD
release by suspending mycelia (10% w/v) in 10 mL of citrate buffer at pH 5.5 and sonicated at 20 Khz and 50 W. Results represent the mean
(± SD) of three experiments.
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enzyme inactivation [31]. In contrast, reduction of
GAD yield at bigger suspension volume might be due
to the dilution of energy dissipated per unit of volume
that reduced the cavitation and thus leading to the for-
mation of large eddies [32]. Eddies with scales larger
than a cell simply carry the cell from place to place and
are not intense enough to cause effective cell disrup-
tion [17,18,32].
The effect of acoustic power (Watt) ranging from

10–50 W was also evaluated. Figure 2c depicts a linear
relationship between the released GAD and acoustic
power. Similar observation was also reported in the
work of Ho et al. [18] where the intracellular hepatitis
B-core antigen was released constantly without thermal
denaturation when acoustic power was increased up to
180 W under proper control of temperature [18].
In addition to cell concentration and cell suspension

volume, sonication time ranging from 5 min to 25 min
on the release of GAD was also assessed. As shown in
Figure 2d, the enzyme activity increased concomitantly
with sonication time and the optimum yield (3.86 U/mg)
was obtained following sonication for 15 min. Prolonged
sonication significantly (p < 0.05) reduced the recovery
of GAD. Several studies suggested that free radicals
generated from the pyrolysis of water and ionization
during prolonged sonication could inactivate the recov-
ered intracellular enzymes [21,33].
In comparison to other findings, A. oryzae NSK may

require a longer sonication time (15 min) for complete
disruption of cells based on the microscopic evidence
(Figure 1) in order to release the intracellular GAD. Cell
disruption process is largely dependent on the physical
strength of microorganism cell wall and the location of
intracellular enzyme [34]. According to Bowman and
Free [35], the cell wall of Aspergillus sp. contain between
10 and 20% of chitin that enhances its tensile strength
and cell wall rigidity, which implies that a longer sonic-
ation time is required to disrupt the integrity of the fun-
gal cell wall. By combining the four optimum crucial
parameters for sonication, the yield of GAD was success-
fully enhanced by 176% from 1.99 U/mg to 3.50 U/mg.
Therefore, it can be concluded that sonication is the best
approach to extract high yields of GAD from the fungal
strain compared to other reported approaches such as
enzymatic solubilization, non-ionic detergent, mechan-
ical lysis and bead mill [7,8]. The capability of A. oryzae
NSK for producing high amount of GAD is useful for
upscaling GABA production.
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Conclusion
Ultrasonication was found to be the best approach to re-
lease the intracellular GAD from Aspergillus oryzae NSK
compared to chemical and non-chemical cell disruption
methods. The optimized sonication protocols employed
(6 mL buffer suspension volume, 12% (w/v) cell concentra-
tion and 50 W acoustic power for 15 minutes) has
successfully increased the yield of GAD by 176% from an
unoptimized conditions. This is the first report
pertaining to the comparison experimentation and
optimization of GAD extraction procedures from a
GABA-producing A. oryzae.

Additional file

Additional file 1: Optimization of the condition of enzymatic lysis
on the recovery of GAD by using Yatalase®. (a) Effect of incubation
time (min) of Yatalase® (10 mg/ml) on 10% (w/v) of mycelia at 30°C in 50
mM Citrate buffer, pH 5.5. (b) Effect of concentration of lytic enzyme on
mycelia (10% w/v) at 30°C for 60 min. (c) Effect of cell concentration (%
w/v) on the enzymatic lysis of Yatalase® (10 mg/ml) at 30°C for 60 min.
(d) Effect of incubation temperature on the enzymatic lysis of Yatalase®
(10 mg/ml) at 10% (w/v) of mycelia for 60 min. Results represent the
mean (± SD) of three experiments.
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