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Abstract 2,5-Dimethylpyrazine (2,5-DMP) and tetra-
methylpyrazine (TTMP) were produced using Bacillus
subtilis IFO 3013 grown on soybeans. Solid-state culti-
vations were carried out either in 100-ml bottles or in a
®xed-bed column reactor, both systems being at 27 °C.
Optimization studies showed that the best way to pro-
duce the two above aroma compounds involved two
separate processes. 2,5-DMP was obtained using soy-
beans enriched with 75 g threonine/kg initial dry weight
(i.d.w.), giving 0.85 g metabolite/kg i.d.w. after 6 days.
TTMP production involved addition of 90 g/kg i.d.w.
acetoin to soybeans, and 2.5 g/kg i.d.w. was recovered
after 14 days. These results demonstrated the suitability
of solid-state cultivation for production of high-added-
value compounds.

Introduction

Alkylpyrazines are heterocyclic, nitrogen-containing
compounds found in a wide variety of foods, which are
responsible for di�erent ¯avours, mainly nutty and
roasty (Gallois 1984). These molecules are used in the
food industry as additives for ¯avouring (Seitz 1994).
2,5-Dimethylpyrazine and tetramethylpyrazine (Fig. 1)
are the main pyrazines detected in many cocoa bean- or
soybean-based fermented foods, where they are recog-
nized to be important contributors to their ¯avour (Zak
et al. 1972; Kosuge et al. 1971). Several chemical
methods of alkylpyrazine synthesis based on Maillard
reactions have been reported (Amrani-Hemaimi et al.
1995).

However, consumers prefer additives exhibiting a
natural label and food manufacturers often use these

items although they are generally more expensive than
the corresponding chemical compounds. In this area, the
®rst evidence that microorganisms were able to synthe-
size pyrazines was provided by Kosuge et al. (1962), who
showed that tetramethylpyrazine could be produced by
Bacillus subtilis. Several microorganisms, including
bacteria and fungi, are currently known for their ability
to synthesize di�erent alkylpyrazines (Seitz 1994; Gallois
1984). Attempts to use these microorganisms in liquid
media resulted in low concentrations in the fermentation
broths (Yamaguchi et al. 1993), hampering industrial
applications of these processes.

Itohiki-natto is one of the most popular fermented
foods known for the high contribution of pyrazines to its
¯avour. It is a Japanese item obtained by cultivation of
special strains of B. subtilis, generally known as B. natto,
on soybeans using solid-state fermentation techniques
(Ohta 1986). However, the methodology used is quite
empirical and gives insu�cient yields of aroma com-
pounds, less than 22 lg/kg wet weight (Kosuge et al.
1971), to allow its use for production purposes.

In this paper, we report results obtained using culti-
vation of B. subtilis (natto) strains on soybeans in solid-
state fermentation conditions by means of current
methodologies. Existing knowledge about pathways of
2,5-dimethylpyrazine and tetramethylpyrazine synthesis
is also used to achieve optimization of the system. The
aim of the study was to investigate the feasibility of the
use of solid-state fermentation for production of these
high-added-value compounds.

Materials and methods

Microorganism

Several strains of Bacillus subtilis, which were originally isolated
from fermented soybeans (natto), were tested. These strains
(B. subtilis IFO 3009, 3013, 3335, 3336, ATCC 7058, 7059, 15245)
were conserved by periodic replications on tryptone/soy/agar
(Difco Laboratories, Detroit, Mich.) in petri dishes.
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Inoculum preparation

B. subtilis was cultured at 27 °C for 20 h on yeast/malt/agar (Difco
Laboratories) or on tryptone/soy/agar in petri dishes. Cells were
then recovered by soaking each petri dish content with 5 ml sterile
distilled water.

Solid-medium fermentation

Dehulled, yellow, whole soybeans (100 g, dry weight), obtained
from dietary shops, were soaked in 500 ml distilled water at 4 °C
for 15 h. Alternatively the soaking water could be supplemented
with compounds such as acetoin (0±90 g/l), amino acids (0±70 g/l)
and casamino acids (0±20 g/l). Excess liquid was removed, and 35 g
soybeans (dry weight) was placed in 125-ml bottles, or 100 g in a
500-ml reactor. They were autoclaved at 120 °C for 20 min. After
this treatment, the moisture content was 1.5 g H2O/g dry weight.
Inoculum (0.03 ml) was mixed with 1 g (dry weight) solid-medium
fermentation, giving an inoculation level ranging from 105 to 106

bacteria/g dry weight.

Experimental design

Fermentations were carried out at 27 °C in 100-ml bottles ®tted
with polyurethane foam plugs (CaubeÁ re, YeÁ bles, France), or in a
®xed-bed thermostated reactor of 500 ml working volume. In the
last case, the aeration rate was maintained at 1.2 l/h. Bottles were
placed in an oven containing humidi®ed air, with an open container
®lled with water in order to prevent any water loss by the medium
(Larroche et al. 1992). Alternatively bottles were placed in a water
bath at a temperature of 20 °C or 22 °C.

Assay methods

Measurement of viable cells

Each sample (1 g, dry weight) was mixed with 10 ml sterile distilled
water in a test-tube and vortexed. Appropriate dilutions of the
supernatant in sterile distilled water were used to inoculate yeast/
malt/agar plates in triplicate. After incubation for 20 h at 27 °C,
colonies were counted, and the concentration of viable cells in the
sample was determined.

Volatile compounds

Pyrazines and acetoin were extracted by simultaneous steam dis-
tillation/solvent extraction using a Likens and Nickerson apparatus
purchased from Chrompack (Middelburgh, The Netherlands, ref.
16051). A 1-g (dry weight) sample was poured into 20 ml distilled
water containing 5 ll 1-butanol used as internal standard. The
resulting suspension was extracted for 2 h with 2 ml dichloro-
methane using a procedure already described (Godefroot et al.
1981).

The organic solution was directly analysed by gas chromatog-
raphy using a Delsi Instruments DI 700 (Montigny le Bretonneux,
France) gas chromatograph ®tted with a Supelcowax 10 (Supelco,
Inc., Bellefonte, Pa., USA) capillary column (30 m ´ 0.32 mm in-
ner diameter, ®lm thickness 0.5 lm) and a ¯ame ionization

detector. The split ratio was 1/100 and the carrier gas was nitrogen.
The oven temperature was kept constant at 120 °C for 1 min, then
raised to 140 °C (20 °C/min) for 3 min and to 220 °C (25 °C/min)
for 20 min. The injector and detector temperatures were 250 °C
and 220 °C respectively, and 2 ll organic layer was injected.

Non volatile compounds

A sample (2 g, dry matter) was homogenized in 50 ml water using
an UltraTurrax blender. Total sugars were determined in the re-
sulting suspension using the phenol/sulphuric acid colorimetric
method of Dubois et al. (1956). The other analyses were carried out
on the supernatant obtained after centrifugation of the above
suspension at 12, 000 g for 10 min. The soluble reducing sugars
content was measured using the dinitrosalicylate colorimetric
method of Sumner (1925), after deproteinization by mixing
8 ml sample with 1 ml Ba(OH)2 á 8H2O 0.3 mol/l and 1 ml
ZnSO4 á 7H2O 0.5% (Slein 1965). Soluble amino acids were de-
termined by the ninhidrin-based colorimetric protocol of Lee and
Takahashi (1966). Ammonium was assayed in the supernatant with
the Berthelot colorimetric reaction (Patton and Crouch 1977).
Soluble proteins were determined by the colorimetric method of
Herbert et al. (1971).

Expression of results

Data are expressed in terms of initial dry weight (i.d.w.), using the
procedure of Larroche et al. (1992).

Results

Feasibility of the process: behaviour
of B. subtilis IFO 3013 grown on soybeans

Cell growth

The time course of a cultivation could be separated into
three main periods. First there was a 3-day active growth
phase, indicated by a marked increase in the viable cell
content in the medium (Fig. 2). This period corre-
sponded to sugar consumption and release of soluble
proteins. Total and soluble sugars gave parallel curves
(data not shown), which demonstrated that only the
soluble sugar fraction was metabolized by the microor-
ganism. The protein solubilization was also connected to
amino acid and ammonium liberation, showing a sig-
ni®cant proteolytic activity of the microorganism in these
conditions. This feature was consistent with other results
that demonstrated protease synthesis by B. subtilis in
both liquid (Priest 1977) and solid (Sarkar and Tamang
1995) media. Growth stopped before exhaustion of sol-
uble nutrients in the medium, showing that this event was
not due to a lack of carbon or nitrogen sources.

The second phase, which occurred between the 3rd
and the 6th days, corresponded to an autolysis of the
cells. This was demonstrated by a strong decline in the
viable cell content, which decreased from 2.4 ´ 1010 to
107 cells/g i.d.w. (Fig. 2). This lysis, a natural function
of B. subtilis (Tanaka et al. 1993), took place after sugar
consumption had stopped and allowed proteolytic ac-
tivity to continue. The end of the cultivation corre-
sponded to a stationary period during which growth

Fig. 1 Structural formulae of 2,5-dimethylpyrazine (a) and tetra-
methylpyrazine (b)
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parameters did not noticeably change, except for auto-
lysis, since the ®nal viable cell number was 106cells/g
i.d.w.

It should also be noticed that, when cell proliferation
took place, the soybeans became covered by a viscous
substance. This phenomenon was not studied, but it was
probably related to the mucous material that is generally
produced by B. subtilis during fermentation of cooked
soybeans (Ohta 1986). This material is a polypeptide of
glutamic acid and a fructan that may be synthesized
from soybeans amino acids and/or sugars. Its formation
is highly correlated with natto quality (Ohta 1986).

Metabolite synthesis

The three periods revealed during growth studies were
also present when metabolite synthesis was examined.
The growth phase corresponded to acetoin accumula-
tion, a phenomenon resulting from sugar catabolism and
commonly observed with B. subtilis (Kosuge et al. 1971)
(Fig. 3). The autolytic period was connected to a very
high acetoin metabolism, and its concentration de-
creased from 7900 mg/kg to 50 mg/kg i.d.w. (Fig. 3).
This end-product degradation probably occurred mainly
through oxidation into CO2 since no 2,3-butanediol
formation was shown. This period also corresponded to
2,5-dimethylpyrazine (2,5-DMP) and trimethylpyrazine
(TMP) synthesis. The contents achieved were close to
67 mg/kg i.d.w. and 41 mg/kg i.d.w. for 2,5-DMP and
TMP respectively. The last phase corresponded to
tetramethylpyrazine (TTMP) production, which reached
10 mg/kg i.d.w. at 12 days. As a result, the total pyrazine
concentration accounted for 118 mg/kg i.d.w. at 12
days cultivation, a value signi®cantly higher than that

observed in natto (55 mg/kg i.d.w., estimated from
Kosuge et al. 1971).

Choice of the experimental design

The above experiments were carried out on a small scale,
using 100-ml bottles ®lled with about 35 g (dry weight)
medium (see Materials and methods). Cultivation in
bottles of greater size may result in problems such as a
temperature increase inside the medium or lack of oxy-
genation of the microorganism. The commonest way to
circumvent these di�culties is the use of an aerated,
thermostated ®xed-bed reactor (Larroche 1996). Fer-
mentations carried out in such a reactor of 500 ml vol-
ume gave results close to those obtained with bottles,
both for total pyrazine synthesis (97 i.d.w. and 118
mg/kg i.d.w. for bioreactor and bottles respectively) and
for maximum viable cell generation (2.4 ´ 1010 cells/g
i.d.w. for the two systems). It could thus be concluded
that the bottle design allowed uniform bacterial devel-
opment and gave results that could be scaled up. It was
thus used for further systematic studies.

Strain screening

Eight strains of B. subtilis originally isolated from natto
were tested for pyrazine production. All strains were
able to synthesize 2,5-DMP, TMP and TTMP (Table 1).
Most of them gave a total pyrazine synthesis close to
50 mg/kg i.d.w., except for B. subtilis IFO 3013. This
microorganism gave 118 mg/kg i.d.w. total pyrazines,
which was the best recorded. The main product was 2,5-
dimethylpyrazine, and this strain was retained for fur-
ther studies.

Fig. 2 Time course of soluble protein (s), soluble amino acid (h),
soluble reducing sugar (j) and NH4

+ (+) contents and viable cell
concentration during cultivation of Bacillus subtilis IFO 3013 on
soybeans. Inoculation 5 ´ 105 cells/g i.d.w., temperature 27 °C; the
experiment was carried out in bottles

Fig. 3 Time course of acetoin (m), 2,5-dimethylpyrazine: 2,5-DMP
(h), trimethylpyrazine: TMP (j), tetramethylpyrazine: TTMP (s)
and total pyrazine (d) concentrations during B. subtilis IFO 3013
cultivation on soybeans. Experimental conditions as in Fig. 2

491



In¯uence of temperature

Temperature had a marked e�ect on pyrazine synthesis.
A decrease in this parameter from 27 °C to 20 °C gave
lowered 2,5-DMP production while a sharp increase in
TTMP formation was found (Table 2). Also, other
alkylpyrazines, namely ethylpyrazine and 2,3-dimethyl-
pyrazine, appeared at low temperature. Trimethyl-
pyrazine synthesis remained constant in all cases. As a
result, the total pyrazine content in the medium in-
creased from 118 mg/kg i.d.w. at 27 °C to 433 mg/kg
i.d.w. at 20 °C.

Further examination of data showed that acetoin
synthesis remained in the same order of magnitude. This
compound is generally considered as a precursor of
tetramethylpyrazine (Kosuge et al. 1971) and it could be
concluded that low temperature increased the yield of
tetramethylpyrazine synthesis from acetoin (Table 2).
Notwithstanding this advantage, it was considered that
carrying out cultivations at temperature as low as 20 °C
was quite expensive on an industrial scale. It was,
therefore, decided to perform further optimization
studies at 27 °C.

Medium composition

E�ect of acetoin addition

As already pointed out, this compound was considered
to be a precursor of tetramethylpyrazine; soybeans were,
therefore, enriched with this compound by adding it to
the water used to impregnate the grains (see Materials
and methods). Results showed that this addition allowed

a dramatic increase in TTMP production, since this
aroma compound could be obtained at a concentration
as high as 2.5 g/kg i.d.w. This value was reached in 14
days cultivation, when the soaking solution contained
60 g/l acetoin (Fig. 4). This last content corresponded to
an addition of 90 g acetoin/kg i.d.w. soybeans (since
grains contained 1.5 g H2O/g i.d.w., see Materials and
methods), a very high value in comparison to the acetoin
synthesis under standard conditions (8 g/kg i.d.w., see

Table 2 In¯uence of temperature on pyrazine production by
B. subtilis IFO 3013 grown on soybeans in bottles. At 20 °C the
maximal total pyrazine content was achieved after 20 days cul-
tivation, at 22 °C after 17 days cultivation and at 27 °C after 12

days cultivation. The ``other pyrazines'' are ethylpyrazine and
2,3-dimethylpyrazine.The yield quoted is that of tetramethyl-
pyrazine formation from acetoin. The theoretical value is 0.77
(see Eq. 1)

Parameter 20 °C 22 °C 27 °C

10)10 ´ Maximum cell concentration (g i.d.w.)1) 1.6 2.9 2.6
2,5-DMP (mg/kg i.d.w.) 18 32 67
TMP (mg/kg i.d.w.) 38 40 41
TTMP(mg/kg i.d.w.) 332 181 10
Other pyrazines (mg/kg i.d.w.) 45 97 0
Total pyrazines (mg/kg i.d.w.) 433 350 118
Maximum acetoin synthesis (mg/kg i.d.w.) 7500 7600 7900
Yield (TTMP/acetoin) 0.044 0.024 0.001

Table 1 Screening of Bacillus
subtilis strains for pyrazine
production on soybeans in
bottles. Data were obtained
after 12 days cultivation at
27 °C. DMP dimethylpyrazine;
TMP trimethylpyrazine; TTMP
tetramethylpyrazine; i.d.w.
initial dry weight. Standard
deviations were found always
less than 10% in all experiments

Strains tested 2,5-DMP
(mg/kg i.d.w.)

TMP
(mg/kg i.d.w.)

TTMP
(mg/kg i.d.w.)

Total pyrazines
(mg/kg i.d.w.)

IFO 3009 34 14 8 56
IFO 3013 67 41 10 118
IFO 3335 32 11 7 50
IFO 3336 27 12 4 43
ATCC 7058 19 11 4 34
ATCC 7059 27 21 17 65
ATCC 15245 21 20 8 49

Fig. 4 E�ect of acetoin addition to the soaking solution of soybeans
on pyrazine production. Total pyrazine (d), 2,5-DMP (h), TMP (j),
TTMP (s). Data were obtained after 14 days cultivation. Other
experimental conditions as in legend to Fig. 2
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Table 2). It could thus be considered that TTMP
synthesis with the enriched medium was mainly due to
the added precursor and the overall yield of TTMP
synthesis from acetoin was close to 0.03 g TTMP/g
added acetoin in optimal conditions.

It should also be pointed out that this improvement
in TTMP production was connected to a decrease in 2,5-
DMP synthesis (Fig. 4). Acetoin was thus an inhibitor of
the pathway leading to this aroma compound. Soybeans
contents higher than 90 g acetoin/kg i.d.w. resulted in
cell metabolism inhibition, and pyrazine synthesis was
close to zero for precursor concentrations higher than
120 g/kg i.d.w. (80 g/l in the soaking solution).

Enrichment with amino acids

Amino acids have been cited as promoters for cell
growth and pyrazine formation (Ito et al. 1989;
Sugawara et al. 1990) and the e�ect of adding several
amino acids to soybeans has also been investigated.
Addition of serine, glutamate, isoleucine, valine and
casamino acids had no noticeable e�ect on the total
pyrazine synthesis, while supplementation with proline,
leucine, glycine and aspartate had a negative e�ect
(Table 3). Threonine was found to be the only amino
acid improving total pyrazine synthesis.

The optimum threonine concentration was deter-
mined to correspond to a soaking solution content of
50 g/l (Fig. 5). Under these conditions, total pyrazine

synthesis was close to 1 g/kg i.d.w.. The major aroma
compound here was 2,5-DMP, which was near 0.85 g/kg
i.d.w. Threonine addition also led to a small enhance-
ment of TMP production, whereas no e�ect on TTMP
synthesized was noticed. These results suggested that
threonine would be a precursor of 2,5-DMP synthesis
for B. subtilis IFO 3013 grown on soybeans. The threo
nine content of soybeans in optimal conditions was close
to 75 g/kg i.d.w. The maximum total amino acid content
of soybeans was near 50 g/kg i.d.w. during cultivation
on the standard medium (Fig. 2). It could thus be con-
sidered that, just as with acetoin and TTMP, 2,5-DMP
was mainly obtained from the added precursor. The
overall yield of 2,5-DMP synthesis from threonine was
thus close to 0.01 g aroma/g added threonine.

E�ect of simultaneous threonine and acetoin addition

When threonine and acetoin were added simultaneously
to the medium, using the best conditions determined
previously, overall pyrazine synthesis was promoted in
comparison to the standard system (Table 4). However,

Table 3 E�ect of amino acids addition in the soaking solution of
soybean, on pyrazine production by B. subtilis IFO 3013. Other
experimental conditions as in legend to Table 2

Compound
added

Concentration
in the soaking
solution (g/l)

Total pyrazines
(mg/kg i.d.w.)

None ± 118
L-Aspartate 50 g/l 50 50
glycine (50 g/l) 50 0
L-Glutamate (50 g/l) 50 85
L-Isoleucine (25 g/l) 25 102
L-Leucine (20 g/l) 20 21
L-Proline (25 g/l) 25 41
L-Serine (25 g/l) 25 140
L-Threonine (20 g/l)) 20 540
L-Valine (25 g/l) 25 88
Casamino acids (20 g/l) 20 102

Fig. 5 E�ect of L-threonine addition to the soaking solution of
soybeans on pyrazine production. Data are obtained after 6 days
cultivation. Symbols and other experimental conditions as in legend to
Fig. 4

Table 4 Summary of the in¯uence of L-threonine and acetoin addition to soybeans on pyrazine production by B. subtilis IFO 3013.
Experiments were carried out during 14 days. Other experimental conditions as in legend to Table 2

Compound
added

Concentration
in the soaking
solution (g/l)

2,5-DMP
(mg/kg i.d.w.)

TMP
(mg/kg i.d.w.)

TTMP
(mg/kg i.d.w.)

Total
pyrazines
(mg/kg i.d.w.)

None 0 67 41 10 118
Acetoin 60 10 203 2450 2663
Threonine 50 816 220 12 1048
Acetoin + threonine 60 + 50 155 334 1094 1583
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for individual pyrazines, only intermediate concentra-
tions were obtained compared to 2,5-DMP production
from pure threonine and TTMP synthesis from acetoin
alone. These results showed that 2,5-DMP and TTMP
production should be performed in two di�erent media,
containing respectively threonine and acetoin at their
optimal concentrations.

Discussion

Results obtained in this work clearly show the feasibility
of pyrazine production using solid-state cultivation
techniques. They also demonstrate that tetramethylpy-
razine is obtained from acetoin and 2,5-dimethylpyra-
zine from L-threonine.

These data are consistent with literature values.
Adachi et al. (1964) are the ®rst authors who assumed
that TTMP was synthesized from acetoin and ammonia.
This hypothesis, which is now considered to be true
(Kim et al. 1994), considers that two moles of acetoin
and two moles of ammonia condense into one mole of
TTMP according to the following reaction:

2CH3·CO·CHOH·CH3 � 2NH3 � 1=2 O2

! C8H12N2 � 5H2O �1�
It is thus an aerobic process with a theoretical molar
yield of TTMP synthesis from acetoin equal to 0.5,
corresponding to 0.77 g TTMP/g acetoin.

It has also been shown that, when Bacillus natto is
cultivated in liquid medium, L-threonine is the amino
acid that promotes formation of pyrazines in the highest
yield, the main product being 2,5-DMP (Ito et al. 1989;
Sugawara et al. 1990). It is generally considered that
threonine gives aminoacetone and that two moles of
aminoacetone condense, giving 2,5-DMP (Miller et al.
1973; Green and Elliot 1964). The following overall re-
action may thus be written:

2CH3·CHOH·CHNH2·COOH� 3=2 O2

! C6H8N2 � 5H2O� 2CO2 �2�
This is also an aerobic process that does not directly
involves ammonia. The theoretical molar yield of 2,5-
DMP synthesis from threonine equals 0.5, correspond-
ing to 0.91 g 2,5-DMP/g threonine.

The strategy used in the work presented involves
massive enrichment of the medium with precursors of
aroma compounds. Results obtained allow soybeans to
be considered as the substrate for cell growth, while
metabolite production is mainly achieved from com-
pounds added, i.e. threonine or acetoin. In the latter
case, which involves TTMP synthesis, another precursor
is needed: ammonia. This nitrogen source is not limiting
in the conditions used because enrichment with acetoin
allows an increase in aroma compound synthesis. Am-
monium ions are actually liberated during cell growth
(Fig. 2), probably from amino acid catabolism, as de-

scribed by Sarkar and Tamang (1995). High enrichment
of the medium is needed because the yield of aroma
compound synthesis from the corresponding precursor
is always very low, even under the standard conditions.
As a result, pyrazine synthesis is a marginal phenome-
non, the main pathway being catabolism (full oxidation)
of the precursors.

The system used in this work is very close to the one
involved in Itohiki-natto production. However, natto
generally contains less than 22 lg pyrazine/kg wet
weight (Kosuge et al. 1971; Kim et al. 1994), a value
much lower than that obtained in the standard system
presented, which is close to 50 mg/kg wet weight.
Commercial processes for natto production involve in-
cubation of soybeans with Bacillus natto in fermentation
rooms controlled at a temperature of 40±42 °C (Ohta
1986). A study of the e�ect of temperature on pyrazine
synthesis shows that the formation of these aroma
compounds is considerably inhibited when the temper-
ature becomes higher than 30 °C.

It may thus be considered that the process presented
here is a modi®ed natto production system with reduced
temperature and enrichment of soybeans with pyrazine
precursors. It may easily be scaled-up and allows syn-
thesis of about 2.5 g/kg i.d.w. TTMP and 0.85 g/kg 2,5-
DMP if respectively acetoin and threonine are used as
precursors. The cultivation time is 6 and 14 days for 2,5-
DMP and TTMP respectively. This system demonstrates
the feasibility of using solid-state fermentation tech-
niques for production of high-added-value compounds.
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