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Abstract y-Aminobutyric acid (GABA), a hypotensive
agent, can be produced by Monascus spp. Two hundred and
fifteen GABA-producing Monascus strains were isolated
from fermented bean curd and red-mold rice. The strain
M6 with the highest production level of GABA (3.657 g/L)
was isolated from fermented bean curd by using PDB with
0.5% monosodium glutamate (MSG) and identified as
Monascus ruber based on morphological and ITS region
sequence comparisons. The strain M6 was irradiated by
UV to raise GABA production. The mutant strain of M6-13
had the highest GABA yield of 5.527 g/L, which was 1.5
times higher than that of the original strain M6. In addition,
the strain M6-13 still had stable yield of GABA and no
reverse mutation after sub-cultured for 15 generations.
GABA production level of the mutant strain M6-13
increased to 7.826 g/L in submerged flasks culture by use
of the orthogonal experiment method. Based on this, pro-
cess analysis and optimization of GABA production of the
strain M6-13 were studied in 3.7-L vessel fermentor and
the maximum GABA yield reached 13.470 g/L.

Keywords Monascus spp. - GABA - Fermentation -
Optimization - Biotransformation
Introduction

During the last decade, fundamental studies have opened a
new field of research dealing with bioactive or biogenic
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substances derived from foods [1]. GABA, a four-carbon
non-protein amino acid, is produced as a major inhibitory
neurotransmitter in the mammalian nervous system [2].
The preparation and application of GABA is increasingly
concerned [3—13] with the treatment of existing conditions
such as epilepsy and high blood pressure. Therefore,
searching GABA-rich foods becomes one of the focuses in
the field of functional food research [14]. Several func-
tional foods are manufactured: GABA-enriched green tea
by anaerobic or cyclic treatments of tea leaves or shoots
[3]; GABA-enriched rice germ by soaking in water [13,
14]; GABA-enriched brown rice by high pressure treatment
and germination [7, 10, 11]; GABA-enriched germinated
wheat through the activity of endogenous enzymes [9]; and
GABA-enriched fermented beverages such as tempeh-like
beverage [4], dairy products [5, 6], and red-mold rice
containing the Monascus fungus [12].

However, the yields of GABA accumulated from fruit
and vegetables are low [15, 16]. GABA production through
fermentation believed to be convenient and efficient has
been gradually applied in food industry [17]. Escherichia
coli were used for producing GABA first, but many hidden
troubles and dangers existed [17, 18]. In 1979, Endo in
Japan found that a special matter synthesized from Mon-
ascus had hypotensive activity. This was the first report on
GABA could be biosynthesized from Monascus. Since
then, several microorganisms including lactic acid bacteria
[19-22], Monascus [23-25], and yeast [26], generally
regarded as safe, have been widely researched and applied
in GABA production. Monascus spp. is a traditional fer-
mentation fungus used on food for thousands of years in
China; its special effect on, and application to, food was
recorded in ancient records. The secondary metabolites
produced by Monascus spp. include Monascus pigments
[27, 28], monacolin K, and GABA [24, 29]. But up to now,
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the lack of GABA Monascus strains and fermentation
process retarded the production and application of GABA
in our country. Therefore, screening of higher y-aminobu-
tyric acid-producing Monascus and optimization of culture
medium and fermentation conditions were studied. As far
as know,it is the first report that Monascus produce GABA
in the liquid culture.

Materials and methods
Chemicals and media

GABA was purchased from Sigma (St. Louis, Mo. USA).
Agar, glucose, malt extract, peptone, yeast extract, and
other chemicals were purchased from Shenggong (Shang-
hai Chemical Company, China). Some agro-industrial
residues such as fermented bean curd, Indian meal (IM),
potato dextrose (PD), rice meal (RM), red-mold rice, soy-
bean powder (SP), sweet potato starch (SPS), and wheat
flour (WF) were obtained from the local supermarket
(Jinhua city, Zhejiang Province, China).

Isolation, mutagenesis, and preservation of strains were
performed on Potato Dextrose Agar (PDA) medium. The
seed culture medium comprised of (per liter) 50 g glucose,
20 g peptone, 10 g yeast extract, 10 g KoHPO4, S5 g
MgS0,4-7H,O, 5 g KCl, and 1 g FeSO4. A chemically
defined medium was used for GABA production, which
contained (per liter) 30 g carbon sources, 5 g nitrogen
sources, 5 g monosodium glutamate (MSG),1 g K,HPO,,
0.5 gMgS0,4-7H,0,0.5 gKCl,and 0.01 gFeSO,indistilled
water. Some agricultural products were also used as carbon
source in fermentor. Initial pH values of all media were
adjusted to 6.0 prior to sterilization at 121 °C for 20 min.

Isolation and identification

The traditional Monascus-fermented foods, red bean curd
and red-mold rice were collected from different areas in
China. Samples were taken and spread on to the PDA
medium. After incubation at 30 °C for 72 h, single colo-
nies were cut out and inoculated on PDA plates. The
purified Monascus strains were preserved in petri dish at
23 °C and sub-cultured every three months [30].

CYA, MEA, CY50G, WA media [31] were used as
identification medium. It was identified by the morpho-
logical character of Monascus strain on these media. Fresh
mycelia obtained from fermentation broth were grinded
into powder with liquid nitrogen. Monascus genomic DNA
was extracted by the traditional cetyltrimethyl ammonium
bromide (CTAB) method. Fragments containing the ITS
region were amplified by using primers ITS1 (5'-TCCGT
AGGTGAACCTGCGG-3') and ITS4 (5-TCCTCCG CT T
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AT TGATATGC-3'). To identify genus and species of M6,
the ITS sequences were analyzed with the BLAST program
of NCBI (National Center for Biotechnology Information,
Bethesda, MD, USA).

Mutagenesis of Monascus

The highest GABA production Monascus strain was used
as a parental one. Spore suspensions were prepared in 10°
CFU mL ™" by washing the 10-day-old culture with sterile
distilled water. Ten milliliters of spore suspensions was
exposed to UV light for 5 min. After incubation at 30 °C
for 72 h, single colonies were cut out.

Cultivations

Erlenmeyer flasks (500 mL) each containing 100-mL seed
culture were inoculated with 5% of the spore suspension
and incubated at 30 °C at 120 rpm for 72 h in a reciprocal
shaker. The submerged fermentations for GABA produc-
tion were carried out in 500-mL Erlenmeyer flasks and a
3.7-L vessel fermentor (Switzerland, Bioengineering).
Cultivations in the 500-mL flasks containing 100 mL
sterilized medium were performed for 72 h at 30 °C and
120 rpm. Fermentations in the 3.7-L vessel fermentor
containing 2 L sterilized medium and 5% seed culture
broth were performed for 120 h at 35 °C and 180 rpm with
the aeration rate of 100 L/h.

Determination of GABA and biomass

One milliliter of fermentation broth during culture was
taken and put in centrifuge tube. The centrifuge tube with
fermentation broth was boiled for 10 min and then centri-
fuged at 12,000 rpm for 15 min. GABA concentration
of the supernatant was determined by HPLC (Waters,
Milford, MA, UK).

The 10 mL of culture broth was put through a 0.45-pm
Millipore cellulose filter. The harvested mycelia were
washed with sterile distilled water and then dried in an
oven at 80 °C until the dry weight was not changed. This
was the dry cell weight (DCW).

Optimization of fermentation conditions in shake flasks

Various carbon sources (30 g/L) and nitrogen sources (5 g/L)
were added individually in order to determine the effect on
GABA production. The culture substrate and fermentation
conditions of the strain were optimized by means of single-
factor experiment and Lg (3% orthogonal tests. The effects
of single factors including carbon sources (soluble starch,
dextrose, MSG, sodium succinate, sucrose), nitrogen
sources (beef extract, sodium nitrate, peptone, ammonium
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Table 1 The design of optimization of fermentation using orthogonal
experiment/Lg 33

Levels Factors
Temperature (A) Initial pH (B) Shaking speed (C)
1 (30 °C) 1(7.0) 1 (90 rpm)
2 (33 °C) 2 (6.0) 2 (120 rpm)

3 3 (35°C) 3 (5.0) 3 (180 rpm)

biphosphate, yeast extract), incubation temperature (24 °C,
27 °C, 30 °C, 33 °C, 35 °C, and 38 °C), the initial solution
pHs (4.0,4.5,5.0,5.5, 6.0, 6.5, 7.0, 7.5), and shaking speed
(0 rpm, 60 rpm, 120 rpm, and 180 rpm) on GABA pro-
duction in a submerged culture in 500-mL Erlenmeyer
flasks were analyzed. A three-level orthogonal design Lg
(33) (9 runs and 3 center points) was used. The experi-
mental design was showed in Table 1. The experiments
were replicated three times.

Optimization of fermentation conditions
in 3.7-L vessel fermentor

Different inoculums sizes (2.5%, 5.0%, 7.5%, and 10%),
ventilation rates (0, 50, 100, 150, 200 L/h), and agro-
industrial residues (IM, PD, RM, SP, SPS, and WF) were
employed to study their effects on mycelium growth and
GABA production for selecting the best conditions for
GABA production. Growth kinetics was studied by esti-
mating the biomass of Monascus and by analyzing the
GABA production capability of the fungus.

Data analysis

Statistical analyses were performed using the SAS program
(Statistical Analysis System 9.1 version) and expressed as

Fig. 1 GABA yield of different 4.00
Monascus strains cultivated in
PD broth with 0.5% MSG at 3.50
30 °C for 72 h. Note: results are
mean values of triplicate
determinations £+ SD

3.00 |

2.50 -

GABA yields (g/L)

1.00 [

0.50 -

0.00 = : =
Ml M2 M3 M4

M5 M6 M7 M8

mean =+ standard error of three replicates. P < 0.05 was
considered to be statistically significant. When P values for
the repeated ANOVA were significant, differences in
means were determined using Duncan’s multiple range
tests.

Results and discussion
Screening and identification

About 215 Monascus strains were isolated from the fer-
mented bean curd and red-mold rice. The GABA produc-
tion ability of Monascus was focused on in this study.
Some screening results were showed in Fig. 1. The strain
M6 (isolated from the red bean curd) had the highest
GABA production ability (3.657 g/L) in PDB incubation at
30 °C for 72 h was acquired.

There existed some differences among different common
Monascus in morphological characters including hypha,
conidium, cleistothecium, ascospores, and so on, which
served as deposing the evidences to classify and to identify
Monascus. The strain M6 was identified as Monascus ruber
based on morphological and physiological characters. The
application of molecular techniques provided more scien-
tific evidences in identification. According to ITS region
sequence comparisons, the strain M6 (HQ659500) showed
high homology (99%) to Monascus ruber, and the result
was concordant with morphological identification.

UV treatment of high GABA production strain

UV treatment was a common method for improvement of
Monascus spp. The strain M6 was used as original strain
and irradiated by UV to raise GABA production. One of
the mutant strains, M6-13, provided half as much again

3.657

MI12 M13 Ml14 Ml15 Mil6

M9 MI0 Mll
Strains
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Table 2 Genetics stability experiment of GABA-producing mutant strain M6-13

Generations 1 3 5

7 9 12 15 Average

GABA yield (g/L) 5.523 5.052 5.321

5.248 5.195 5.087 5.108 5.219

increase in the concentration of GABA. After 15 gener-
ations, the GABA production of the mutant strain M6-13
was stabilized and no reverse mutation (Table 2).
Therefore, the fermentation conditions of the mutant
strain M6-13 in both flasks and fermentor were further
optimized.

Optimization of medium and fermentation conditions
in a flask

The culture medium and fermentation conditions of the
strain M6-13 were optimized by means of single-factor
experiment and Lo (3% orthogonal test. In the single-factor
experiments, the effect of different carbon sources and
nitrogen sources to biomass, and secondary metabolites
was studied. The results (data were not showed) indicated
that soluble starch was beneficial to both GABA production
and DCW, besides beef extract was proved to be the best
nitrogen source.

An orthogonal experiment was designed to investigate
optimum culture conditions taking account of three factors:
cultivation temperature, Initial pH, and shaking speed. The
results of orthogonal experiment and analysis were showed
in Tables 3 and 4, respectively. By experiments, the opti-
mum fermentation conditions of M6-13 were cultured at
35 °C, initial solution pH 5.0 and 120 rpm. Under above
conditions, the highest production level of GABA has
reached to 7.826 g/L. What’s more, cultivation temperature
had highest significance on GABA production among the
three factors.

Growth profile and GABA production
of the strain M6-13 in batch culture

GABA productions during fermentation were quantita-
tively analyzed by HPLC. A typical batch-mode fermen-
tation time-course of the strain M6-13 in PDB medium
containing 0.5% MSG, the stirrer speed of 180 rpm, and
the aeration rate of 200 L/h (standard conditions for mixing
and aeration) was showed in Fig. 2. The growth kinetics
was estimated by the dry biomass at different incubation
periods. It was evident that its lag phase was for the first
40 h. When DCW increased, the level concentration of
GABA in the culture started to increase correspondingly.
The incubation period from 60 h showed decreased fungal
growth, and the concentration of GABA reached maximal
level of 8.899 g/L. at 84 h.
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Table 3 The results of optimization of fermentation conditions using
orthogonal experiment/Lg 3%

Levels Factors

A

s]
9}

GABA (g/L)

4.962
6.281
5.920
6.706
6.955
6.827
6.343
7.274
7.826

O 00 N N kAW N =
LW W W NN = = =
N = W o= W NN W N =

Table 4 The range analysis of optimization of fermentation condi-
tion using orthogonal experiment/Lq (3°)

Item A B C
Average value I (g/L) 5.721 6.004 6.354
Average value II (g/L) 6.829 6.837 6.938
Average value III (g/L) 7.148 6.858 6.406
Range (g/L) 1.427 0.854 0.584
Better level Aj Bs C,
Factors order A >B>C

I n, IT n, and IIT n mean the sums of the ‘n’ list’s data at level 1, level
2, and level 3, respectively

Effect of ventilation rates and inoculums concentration
on GABA production

GABA synthesis was closely related to the amount of
ventilation rates and inoculums during the fermentation.
The effects of ventilation rates on GABA production of the
strain M6-13 were showed in Fig. 3. The GABA yield
reached a maximum value of 11.558 g/L. when the aeration
rate was 100 L/h and decreased thereafter.

Four inoculation concentrations were analyzed, and the
results were showed in Fig. 4. Inoculation concentrations
have a great effect on the time-span of lag phase and
GABA production. Higher inoculums volumes (7.5% and
10.0%) can bring a shorter lag phase of about 56 h and a
lower GABA production ability (10.613 g/L). On the other
hand, lower inoculums volumes have a longer lag phase of
about 68 h and a higher GABA production ability
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Fig. 2 Growth profile and
GABA production of strain M6-

—o— GABA(g/L) —e— Dry biomass(g)

S

13. Note: medium: PD;
temperature: 35 °C; Inoculum
size: 5%. The values represent
the mean & SD (n = 3)
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GABA yield (g/L)
O = N W A LN NN 0 O

11.558

9.513

8.365
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GABA yields (g/L)

50 100 150 200
Ventilation rates (L/h)

Fig. 3 The effects of ventilation rates on GABA yields of strain M6-
13. Note: medium: PD; temperature: 35 °C; inoculum size: 5%. The
values represent the mean £ SD (n = 3)

(13.174 g/L, Fig. 5). But, the fermentation at inoculums
volume 5.0% finally showed higher GABA production than
others. Considering all aspects, a 5.0% inoculation volume
is the best one for research and industrial production.

D o 6‘0 &> N2 S o o,b

Cuture time (h)

Selection of agricultural products

Synthetic media at industrial scales were not economical
since the cost used was still high. Therefore, the study on
development of low-cost processes was necessary. Some
agricultural products such as Indian meal, potato dextrose,
rice meal, soybean powder, sweet potato starch, and wheat
powder were compared for selecting the best substrate for
GABA production. The results showed that the successive
order of agricultural products affecting the GABA
production was IM (7.762 g/L), PD (9.841 g/L), RP
(6.945 g/L), SP (4.866 g/L), SPS (10.341 g/L), and WP
(13.474 g/L) (Fig. 6). Hence, wheat powder was used for
subsequent studies.

Conclusions

Monascus spp were largely used in a variety of fermented
foods, especially for the manufacture of red-mold rice with

Fig. 4 Effects of inoculum size 151
on GABA yields of strain 14k —0— 2.5% —0— 5.0% —@— 7.50% —&— 10.00%
M6-13. Note: medium: wheat 13
flour; temperature: 35 °C. 2
The values represent the o
mean £ SD (n = 3) =
= 10
5 9
2 g
< 7
2 5
©
4
3
2
1
0

Culture time (h)
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Fig. 5 Chromatograms of GABA content in fermentors by HPLC.

Note: above: sample of the optimum conditions, below: GABA
standards

13.474

10.341

9.841
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6.945

4.866

GABA yields (g/L)

SPS PD M RM
Agricultural products

Fig. 6 The effect of six agricultural products on GABA yields of
strain M6-13. Note: medium: PD; temperature: 35 °C; inoculum size:
5%. The values represent the mean + SD (n = 3). WF wheat flour,
SPS sweet potato starch, PD potato dextrose, /M Indian meal, RM rice
meal, SP soybean powder

functional properties. The screening of Monascus based on
their capacity for synthesizing GABA may open new per-
spectives on production of GABA-enriched functional
products. To our knowledge, just a few reports have
concerning the screening of higher GABA production
Monascus.

In this study, 215 GABA production Monascus strains
were isolated from fermented bean curd and red-mold rice.
The strain M6 isolated from fermented bean curd showed
the highest GABA production ability (3.657 g/L) in PD
with 0.5% monosodium glutamate. The strain M6 was
identified as Monascus ruber by morphological and ITS
region sequence comparisons. The strain M6-13 mutage-
nized by UV had the highest GABA production yield of
5.527 g/L which was 1.5 times higher than that of original
strain. The GABA production ability of the strain M6-13
was optimized by orthogonal experiment method and
increased to 7.836 g/L.

Ventilation rates at 100 L/h and inoculation concentra-
tions at 5.0% using wheat flour as the main component

@ Springer

were the best fermentation conditions for the strain M6-13
in the 3.7-L vessel fermentor at 35 °C, and the final GABA
yield of the strain M6-13 reached 13.174 g/L at the opti-
mized conditions.
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