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Optimum conditions for the production of acetoin and ammonia as the precursors of tetramethylpyrazine
(TMP) were determined using Lactococcus lactis subsp. lactis biovar. diacetylactis FC1 in a modified Lactose-
citrate broth containing galactose, citrate, and arginine. The cell growth and the productivity of acetoin and
ammonia were remarkably increased in an aerobic culture with 10 uM of hematin. For the optimum conditions
of acetoin and ammonia production, the concentration of citrate and arginine were adjusted to 156 mM
and 50 mM after 18 hr cultivation, and citrate and galactose to 156 mM and 50 mM after 36 hr cultivation,
respectively. In these conditions, acetoin and ammonia were produced to the final concentration of 127
mM and 195 mM, which were the highest concentations, respectively. The optimum conditions of the TMP
production were also determined as follows; 4 hours at 121, pH 8.3, and the maximal yield of TMP under

these conditions was 0.81 g/l.

The tetramethylpyrazine (TMP) provides the fermen-
ted soybean flavor in soy sauce, natto, and miso, and
has been used as a sweetness enhancer for beverage,
candy, and other food products (10). After the first isola-
tion of TMP from a strain of Bacillus subtilis (6}, a mutant
of Corynebacterium has been known to produce the
TMP (4). It has also been reported that Lactococcus
lactis subsp. factis biovar. diacetylactis {L. diacetylactis)
is a TMP producer (9).

The biosynthetic pathway of the TMP in microorgani-
sms is explained to be two moles of acetoin and two
moles of ammonia condensed into one mole of TMP
(1, 12). Aerobic condition may change sugar metabolism
from homo- to hetero- lactic fermentation and this leads
to additional ATP generation and consequently yields
more growths (2). Therefore, aerobic culture of L. diacet-
ylactis with citrate may maximize the formation of ace-
toin which is one of the two precursors of TMP flavor
compound (5, 7).

In this paper, we report the optimum conditions for
the production of the two precursors of TMP (acetoin
and ammonia) and the TMP flavor compound in aerobic
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fed-batch culture.
MATERIALS AND METHODS

Strains and Media

The microorganism used in this experiment was Lac-
tococcus lactis subsp. factis biovar. diacetylactis FC1 {L
diacetylactys) which has been used in the previous stu-
dies (9). Litmus milk was used for the propagation of
the strain and Lactose-Citrate medium was used as a
basal medium for the citrate fermentation.

Basic Culture Conditions

For the batch culture of L diacetylactis FC1, Lactose-
Citrate medium was modified by increasing the concen-
tration of Na-citrate from 26 mM to 150 mM and repla-
cing peptone and lactose with tryptone and galactose
(1% w/w), respectively (9). Galactose and thiamine
were stetilized separately and added to the culture me-
dia. In the case of aerobic culure, 10 uM of hematin
was added to the medium to prevent the toxicity of
H.O, (14,18). The liquid cultures were grown in 5 L
fermentors with working volumes of 2 L at 34°C with
pH 55+0.3.

An aerobic fed-batch culture was done with 0.6 VVM
aeration rate and 200 rpm of impeller speed, while an
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anaerobic culture was done under static conditions.

Analysis of the Culture

The concentrations of acetoin and citrate were deter-
mined quantitatively by the method of Westerfeld (17)
and Marier (11), respectively. The ammonia concentra-
tion was measured by the method of Wriston (19). For
the determination of arginine concentration, the me-
thod of Rosenberg (13) was used.

The TMP content in the oleoresin was analyzed with
gas chromatography (GC, Pye Unicam, PU 4500) with
a stainless steel column (OV 101} and a flame ionizaion
detector.

After the TMP concentration was determined, the co-
nversion efficiency of acetoin into TMP was calculated
by the following equation.

TMP concentration (mM)
1/2 Acetoin concentration (mM)

% conversion efficiency=

[The "1/2” term in the denominator was introduced
because two moles of acetoin are converted into one
mole of TMP.]

RESULTS AND DISCUSSION

Effect of Aeration on the Fed-batch Culture of L.
diacetylactis FC1

Effect of aeration on the cell growth: The effect
of aeration on the cell growth is shown in Fig. 1. The
cell growth of L diacetylactis FC1 under anaerobic or
aerobic conditions showed similar pattems, but the final
cell concentration in the aerobic culture was higher with
about 0.1 difference in Aco nm.

The better cell growth in the aerobic culture may
have resulted from the following two factors: galactose
as a main carbon source and the aerobic culture condi-
tion. It was reported that a sugar fermentation of lacto-
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Fig. 1. Effect of aeration on the cell growth (Aeo nm) in the
fed-batch culture of L diacetylactis FC1.

Anaerobic culture was done under static condition and aerobic culture
was done with 0.6 VVM aeration rate and 200 rpm of impeller speed.
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cocci in the presence of galactose tends to switch the
pathway from homio- to hetero- lactic because the cel-
lular activity of lactate dehydrogenase (LDH) decreases
whereas that of pyruvate formate lyase (PFL) increases
).

It is also well known that the factococci produces
more acetate and. less ethanol from sugar in aerobic
condition than in anaerobic condition (2). The acetyl
CoA formed in aerobic condition is more likely to be
converted to acetate via acetyl phosphate with ATP
synthesis than to iethanol via acetaldehyde (2,14).

Acetoin producdtion during the aerobic fermenta-
tion: The effects of aeration on the production of ace-
toin and the utilization of citrate are shown in Fig. 2.
The production of acetoin was higher under aerobic
condition and the maximal concentration of acetoin
reached 69 mM, while it was only 40 mM under anae-
robic condition. The increase of the acetoin production
in aerobic culture may have resulted from the increase
in biomass.

It was reported that hematin which has been added
to induce ‘catalase-activity for H,O, breakdown stimula-
ted the activity of diacetyl synthase and NAD-depen-
dent diacetyl reductase in the cells of L diacetylactis
(8). Therefore, much larger amounts of acetoin was pro-
duced instead of diacetyl during growth due to the
addition of hematin.

Effect of Citrate on the Fed-batch Culture of L. dia-
cetylactis FC1

As shown in Fig. 3, the cell growth decreased when
a large amount of citrate was added at the early stage
of fermentation. The minimum cell growth was obtained
when 312 mM of citrate was added after 18 hr cultiva-
tion (Fig.3, D) and. the maximum cell growth was obtai-
ned with the addition of 156 mM citrate at 36 hr cultiva-
tion (Fig.3, B).
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Fig. 2. Effect of aemtion on the utilization of citrate and the
production of acetoin in the fed-batch culture of L diacetylactis
FC1.

Anaerobic culture was done under static condition and aerobic culture
was done with 0.6 VVM aeration rate and 200 rpm of impeller speed.



Vol. 4, 1994

0.6

Ao

Cultivation time (hr)

Fig. 3. Effect of citrate on the cell growth (Ag o) in the fed-
batch culture of L diacetylactis FCI1.

Concentrated citrate was added to the concentration of 156 mM
after 18 hr cultivation (A), to 156 mM after 36 hr (B), to 156 mM
after 18 hr and after 36 hr (C) and to 312 mM after 18 hr (D).

The effect of citrate on the acetoin production is
also shown in Fig. 4. The citrate was more rapidly utili-
zed in the exponential and stationary phase than in
the lag phase, and the high concentration of citrate
inhibited both citrate utilization and acetoin production
(Fig. 4, D). The production of acetoin was high in the
cultures with citrate of 156 mM after 18 hr or with
citrate of 156 mM after 18 and 36 hr cultivation (Fig.
4, A and (), and the maximum concentration of acetoin
was 108 mM. It is also known that the culture can
produce more acetoin if the cells are grown for much
longer time (Fig. 4, C), and this result indicates the pre-
sence of intermediates of acetoin which remained in
the medium.

The results in Fig. 4 showed that the maximum pro-
duction of acetoin was achieved in the later stage of
cultivation at which the citrate was exhausted, and this
phenomena can be explained by the previous reports
(15, 16). It has been reported that the addition of citrate
induced citratase and acetolactate synthase and repres-
sed the synthesis of diacetyl and acetoin reductase.
When citrate was exhausted, diacetyl reduction by dia-
cetyl reductase occured, which leads to acetoin forma-
tion (15, 16).

In conclusion, the highest amount of acetoin was
produced, when the cells were grown aerobically in
the medium with hematin, and citrate was added to
the media to bring its concentration to 156 mM after
18 hr and 36 hr cultivation.

Effect of Arginine on the Fed-batch Culture of L
diacetylactis FC1

Arginine was added to the culture as a source of
ammonia which was used as a precursor of TMP forma-
tion through deiminase pathway (3). The effect of argi-
nine on the cell growth is shown in Fig. 5. When arginine
was added during the initial stage of growth, the lag
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Fig. 4. Effect of citrate on the utilization of citrate and the
production of acetoin in the fed-batch culture of L diacetylactis
FC1.

Concentrated citrate was added to the concentration of 156 mM
after 18 hr cultivation (A), to 156 mM after 36 hr (B), to 156 mM
after 18 hr and after 36 hr (C) and to 312 mM after 18 hr (D).

phase was extended and cells did not grow until after
50 hr cultivation (Fig. 5, A). Therefore, it can be said
that the high concentration of arginine in the medium
inhibits cell growth. However, when the arginine was
added after 18 or 36 hr cultivation, the lag phase was
not extended (Fig. 5, B and Q).

The effect of arginine on ammonia production is
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Fig. 5. Effect of arginine on the cell growth (Ao o) in the
fed-batch culture of L diacetylactis FC1.

Concentrated arginine was added to the concentration of 50 mM
at 0 hr (A), after 18 hr (B) and after 36 hr cultivation (C).
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Fig. 6. Effect of arginine addition on the utilization of arginine
and the production of ammonia in the fed-batch culture of
L diacetylactis FC1.

Concentrated arginine was added to the concentration of 50 mM
at 0 hr (A), after 18 hr (B) and after 36 hr cultivation (C).

shown in Fig. 6. When the arginine was added after
18 hr cultivation, at which the cells were growing rapidly,
arginine was rapidly utilized and the production of am-
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Fig. 7. Effect of galactose addition and extension of cultivation
time on the cell growth in the fed-batch culture of L diacety-
lactis FC1 (A).

The effect of these conditions on the utilization of citrate and arginine
and on the production of acetoin and ammonia are also shown
®, O.

monia reached 131 mM after 60 hr of cultivation (Fig,
6, B). However, the arginine addition after 36 hr did
not affect the production of ammonia significantly (Fig,
6, C). Therefore, it can be concluded that 50 mM argi-
nine should be added to the culture after 18 hr cultiva-
tion for the optimum conditions of ammonia produc-
tion.

Effect of Galactose on the Fed-batch Culture of L.
diacetylactis FC1

Upon addition of galactose after 36 hr cultivation,
the cell numbers reached the stationary phase as shown
in Fig. 7. This was different from the pattem of the
culture without galactose addition, in which the cell
numbers decreased gradually after 36 hr (Fig, 5).

It seems that galactose provides additional carbon-
source to increase cell growth, leading to the increase
of acetoin production. The maximum concentration of
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Table 1. Determination of the optimum conditions for TMP production

Exp. Rx temp. (°C) pH Rx time TMP production Acetoin (mM) Conversion efficiency (%)
No. e/ (mM) Total. util. A B

1 80 6.5 30 min 0.115 0.84 108 8 1.5 22

2 100 0.181 13 13 24 20

3 121 0.272 2 18 5 22

4 55 1 hr 0.287 21 15 53 28

5 8.3 0.465 34 17 8.6 38

6 2 hr 0.457 33 26 8.4 27

7 3 hr 0.603 4.4 33 i 27

8 4 hr 0.81 43 15 27

Utilized acetoin=the concentration of acetoin before thermal reaction—the concentration of acetoin after thermal reaction.

Conversion efficiency from acetoin in the culture (A) and utilized acetoin (B).

acetoin reached 115 mM, which was the highest conce-
ntration of acetoin observed in this study. When L dia-
cetylactis FC1 was grown for 98 hr, the acetoin and
ammonia levels reached 127 mM and 195 mM respec-
tively (Fig. 7). Therefore, it can be concluded that the
addition of galactose is necessary for the maximum pro-
duction of TMP precursors.

Effectors of the TMP Production

The effect of reaction temperature on the TMP pro-
duction from acetoin and ammonia in the culture liquid
is shown in Table 1. The concentration of TMP were
0.115, 0.181 g/l and 0.272 g/l in experiments No. 1,
2 and 3, respectively. The formation of TMP from ace-
toin and ammonia was affected by heat, and a higher
amount of the TMP was produced at higher temperatu-
res. From these data, it was known that reaction tempe-
rature of 121°C gave the highest yield of TMP.

The effect of pH on the TMP production, when the
samples were treated for 1 hr at 121°C (Exp. No. 4
and 5) is also shown in Table 1. Although the utilization
of acetoin was similar in each experiment, the yield
of TMP was higher (0.465 g/) at pH 8.3 than at pH
5.5 (0.287 g/l).

The results from experiments 5~8 in Table 1 showed
that the production of TMP at 121°C and initial pH
of 8.3 increased in proportion to the length of the hea-
ting period. The yield of TMP were 0.465, 0.457, 0.603
g/l and 0.81 g/l with the length of heating period of
1, 2, 3 hr and 4 hr, respectively. The maximum vyield
was obtained after four hours of heating and the con-
version efficiency rate of acetoin into TMP was 15%.
The yield did not increase although the heating was
done over 4 hr. Therefore, from the above results, the
optimum conditions for TMP production was determi-
ned to be as follows: reaction temperature, 121°C; pH
8.3; and reaction time, 4 hr.
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