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Abstract Liangzhou fumigated vinegar is famous in China
for its distinct flavor. How to enhance flavor in traditional
fermented foods, such as vinegar, has attracted a large inter-
est in recent years. Acetoin (ACT) is a precursor of
tetramethylpyrazine (TTMP), a popular food flavor found
in different traditional fermented foods. We obtained 200
acid-producing isolates from the solid fermentative substrate
of Liangzhou fumigated vinegar by the method of forming
transparent zones on GYC agar, and 28 bacteria producing
ACT by Voges—Proskauer colorimetric assay and gas chro-
matography analysis, including 15 strains of Acetobacter,
eight strains of Lactobacillus and five strains of
Staphylococcus. Based on ACT level, the isolate C92 with
the highest yield was selected for further analysis. It was
identified as Acetobacter pasteurianus by physiological
and biochemical characteristics, as well as 16S rRNA gene
sequence similarities. We examined the ACT level of strain
C92 under different conditions, and found that a temperature
of 31.31 °C, pH of 6.67, shaking speed of 209 rpm, and
inoculation volume of 8.27 % were the best conditions for
strain C92 to produce a yield of 19.04 g/ at 40 h post-
culture. In a time—ACT curve, ACT reached the maximum
value at 40 h and then decreased afterward, suggesting that
ACT produced by C92 is a growth-associated primary me-
tabolite from sugar. Therefore, the C92 isolate is regarded as
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a strain with promising ACT-production ability in vinegar.
More studies are needed before C92 is applied in the indus-
trial production of vinegar.
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Acetobacter pasteurianus - Optimization of fermentation
conditions

Introduction

Liangzhou fumigated vinegar is a naturally fermented prod-
uct brewed with a mixture of various microbes (i.e., yeasts,
molds and bacteria, etc.) in the solid state, which is differ-
ent from products in Western countries brewed with only
one or a few microbes (Zhao and Li 2005). Liangzhou
fumigated vinegar produced by traditional Chinese solid
brewing technology is famous for its quality and flavor in
China (Chen and Zhai 2001). As we know, it possesses its
distinct flavor due to the unique solid-state acetic acid fer-
mentation process. Han et al. (2012) reported that
tetramethylpyrazine (TTMP) is the characteristic flavor
compound of Liangzhou fumigated vinegar, and that the
flavor of vinegar product is enhanced significantly with
increasing of TTMP. Acetoin (ACT), 3-hydroxy-2-
butanone, the precursor of TTMP biosynthesis, is an im-
portant metabolite excreted by many microorganisms (Zhu
et al. 2010). In recent years, many researches have been
focused on methods for flavor enhancement in traditional
fermented foods, such as Chinese liquors (Fan et al. 2007).
Several studies have shown that TTMP in Chinese liquor is
mainly produced from microbial metabolic reactions, but
not the Maillard reaction (Zhu and Xu 2010a). Further
studies in Bacillus showed that the production of TTMP
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increased effectively with the addition of proper exogenous
threonine and ACT (Besson et al. 1997; Larroche et al.
1999). In addition, a positive correlation between ACT
and TTMP has also been reported in a study of determina-
tion of ACT and TTMP in traditional vinegars by high-
pressure liquid chromatography (Chen et al. 2010). How-
ever, excessive exogenous ACT may cause inhibition of
TTMP production and cytotoxicity (Schrader 2007),
resulting in cell metabolism balance disorder (Larroche
et al. 1999). Therefore, isolating a bacterial strain to pro-
duce endogenous ACT effectively is more important for the
flavor of Liangzhou fumigated vinegar.

In the vinegar industry, acetic acid bacteria play key roles
in the biotransformation of different primary alcohols and di-
ols into acetic acid (Romano et al. 2002; Chen et al. 2009;
Duran et al. 2010). Moreover, they could enhance the special
flavor of Liangzhou fumigated vinegar (Han et al. 2012).
Faveri et al. (2001) reported that Acetobacter hansenii could
produce ACT at 8.93 g/L. In a study of microbial communities
during solid-state acetic acid fermentation, Xu et al. (2011)
found that a strain of Acetobacter could produce ACT and
TTMP in Zhejiang aromatic vinegar. Moens et al. (2014) ex-
amined the metabolites of four cocoa-specific acetic acid bac-
terial strains, including Acefobacter pasteurianus 386B, dur-
ing monoculture laboratory fermentations and found that
A. pasteurianus 386B has the best ethanol and lactic acid
oxidation potential, which plays a key role during cocoa bean
fermentation. Due to the limited acetic acid bacteria strains
with good ACT production ability, there is a high demand
for qualified strains that could be applied in vinegar
production.

The aim of our study was to isolate and select an acetic acid
bacterium strain with high ACT production ability from
Liangzhou fumigated vinegar solid substrate by Voges—
Proskauer colorimetric assay and gas chromatography analy-
sis. We also used response surface methodology to obtain the
optimal conditions for ACT production.

Materials and methods
Isolation and culture conditions

Microorganisms were isolated from the solid fermentative
substrate of Liangzhou fumigated vinegar donated by Yunxiao
Company in Wuwei (Gansu, China). The solid substrate was
ground into powder and stored at 4 °C until use.

The specific isolation process was as follows: Liangzhou
fumigated vinegar solid substrate (5 g) was shaken (THZ-
82 N desktop Shakers, Yuejin medical instrument co., LTD,
China) for 1 h with 50 mL sterile deionized water in a 250-mL
flask to suspend the cells. For microorganism enrichment,
0.2 mL solid substrate cell suspension was inoculated into
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20 mL of basal medium (10 g/L glucose, 5 g/L yeast extracts,
5 g/L NaCl at pH 7.0) at 30 °C for 24 h with agitation, and
then sub-cultured six times (1:10 dilution) on glucose-yeast
extract-CaCO3; (GYC) agar (glucose, 20 g/L; yeast extracts,
10 g/L; CaCOs, 5 g/L; NaCl, 5 g/L; agar, 20 g/L) at 30 °C for
96 h. According to morphologies and whether there was for-
mation of a transparent zone on GYC agar, acid-producing
pure cultures were obtained (Wu et al. 2012). The acetic-
acid-producing strains were selected by a reddish-brown pre-
cipitate reaction of FeCl; solution (Liu 2000), and then pure
cultures were maintained on GYC agar for further analysis.

Screening of ACT-producing strains

Pure cultures were incubated in 250-mL Erlenmeyer flasks
containing 50 mL of Voges—Proskauer (V-P) medium (10 g/
L glucose - autoclaved separately at 121 °C for 15 min, 10 g/LL
fish peptone, 2 g/L potassium dihydrogen phosphate at
pH 7.0) at 30 °C for 48 h with shaking at 150 rpm. The
fermentation broth was used for ACT measurement by the
V-P colorimetric assay (Meara 193 1) with modification. Brief-
ly, 0.1 mL creatine (3 % in water, w/v) and 1 mL NaOH (40 %,
w/v) were added sequentially to 1 mL of the 1:10 diluted
fermentation broth with vortex, and the mixture was incubated
at 30 °C for 15 min. Finally, the maximum absorbance was
measured at a wavelength of 516 nm (As;6) in a spectropho-
tometer (U-3010, Hitachi, Japan). The concentrations of ACT
and TTMP were measured by gas chromatography (GC) anal-
ysis (see analytical methods). All positive strains were select-
ed for further optimization experiments.

Identification of ACT-producing strains

According to Bergey’s Manual of Determinative Bacteriology
(Buchanan and Gibbons 1984; Dong and Cai 2001), we per-
formed different analyses to examine morphology, physiology
and biochemistry for the highest ACT-producing strain, in-
cluding Gram’s stain, spore formation, catalase, oxidase, mo-
tility, glucose fermentation, oxidation of ethanol, hydrolysis of
starch, tert-butyl hydroperoxide, ketogenesis from glycerol,
production of gluconic acid, production of 5-ketogluconate,
production of 2,5-diketogluconate, water soluble brown pig-
ment, y-pyrones from D-glucose.

All bacterial isolates producing ACT were identified ac-
cording to similarities of the 16S rRNA partial gene se-
quences. Nearly full length 16S rRNA genes were amplified
by PCR using the universal primers 27f and 1492r (Lane
1991) under conditions described by Prat et al. (2009). Se-
quencing in both directions was performed by the Sangon
Biotech co., Ltd (Shanghai, China) and then manually
corrected for ambiguities using BioEdit v.7.0 (Hall 1999).
BLAST, a sequence alignment program, was used for strain
selection according to pairwise similarity with sequences in
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public databases (http://www.ncbi.nlm.nih.gov/BLAST/)
(Altschul 1997).

Optimization for conditions of ACT production

Flask experiments were performed in 250-mL Erlenmeyer
flasks containing 50 mL of modified PYG medium (100 g/L
glucose - autoclaved separately at 121 °C for 15 min, 30 g/L
fish peptone, 10 g/L yeast extract, 30 g/ ammonium sulfate,
100 g/L potassium dihydrogen phosphate). First, the best fer-
mentation time was selected by examining the ACT-
producing ability by GC. The experiment conditions were:
7.0 % inoculum in modified PYG medium at pH 7.0, 30 °C,
shaking at 150 rpm for 72 h. The selected fermentation time
was applied in the study of other conditions.

The pH of the modified PYG medium was adjusted to
between 5.0 and 9.0 by addition of NaOH (10 mol/L) or
HCI (10 mol/L), to select the optimal pH. The effects of oxy-
gen supply on ACT production were tested shaking at 90, 120,
150, 180, and 210 rpm, respectively. Different incubation tem-
peratures (26, 28, 30, 32, or 34 °C) or inoculation volumes (3,
5,7,9 or 11 %) were examined individually in the modified
PYG medium (pH 7.0) with shaking at 150 rpm. All experi-
ments were performed in triplicate, and the mean and standard
deviations were determined.

The levels of the significant factors and the interaction ef-
fects between these factors were analyzed and optimized using
Central Composite design as described previously (Azaman
etal. 2010; Bezerra et al. 2008; Wu et al. 2010; Farliahati et al.
2010). In this study, 30 trials were included and the indepen-
dent variables were studied at three different levels. All exper-
iments were performed in duplicate and the mean of ACT was
taken as the dependent variable or response (Y). Experimental
design and analysis was done using Design Expert software
(Version 8.0, Stat-Ease Inc.) to calculate the polynomial coef-
ficients. The relationship between variables and responses was
calculated by the quadratic polynomial equation:

Yi = By + XB8Xi + LB:iXi® + X6XiX;

where Y; is the predicted response, X;X; are input variables
that influence the response variable Y; 3 is the offset term; [3;
is the ith linear coefficient; (3;; the iith quadratic coefficient and
[3;j is the ijth interaction coefficient. Statistical analysis of the
model was performed to evaluate the analysis of variance
(ANOVA), which included lack of fit, Fisher’s F test, its as-
sociated probability p (F) and correlation coefficient R to mea-
sures the goodness of fit of the quadratic model. For the pres-
ent study, a total of 30 tests were performed to estimate the
coefficients. The generated mathematical model was validated
by conducting experiments at given optimal conditions.

Analytical methods

Samples collected from the flask were divided into two ali-
quots. One aliquot was centrifuged (10,000g, 10 min) and the
precipitate was collected, washed twice with distilled water
and dried at 105 °C to constant weight, to determine the bio-
mass of the culture (Ji et al. 2009). The supernatant was used
to determine the total sugar amount using the 3, 5-
dinitrosalicylate method as described by Miller (1959). The
other aliquot was used to examine the amount of ACT. A
DVB/CAR/PDMS fiber was used in headspace solid-phase
micro-extraction (HS-SPME) analysis (Supelco, USA) for
the determination of ACT in the fermentation broth. The
SPME fibers were conditioned as recommended by the man-
ufacturer prior to their first use. ACT amount was measured by
exposing the SPME absorbent to the headspace of the inocu-
lated vials for 30 min at 50 °C in a water bath. The compounds
retained on the fiber were thermally desorbed in the injection
port of the GC at 250 °C.

Chromatographic analyses were made on a GC6890 in-
strument coupled with a flame ionization detector (FID)
(Agilent Technologies, USA). The injection was made in
the split mode (split ratiol:1) at 250 °C. Each sample was
analyzed on a DB-Wax (30 m x0.25 mm i.d., 0.25 um film
thickness, J&W Scientific) fused-silica capillary column.
The column carrier gas was high-purity helium at a constant
flow of 3 mL/min. The makeup gas to the detector was
nitrogen at 27.5 mL/min. The H, flow was 1.5 mL/min
and the air flow was 144.9 mL/min. The temperature of

Table1  The acetic acid-producing strains and the ACT yield of 28 V-P
positive isolates determined by GC-FID

Isolate FeCly ACT (g/L) Isolate FeCly ACT (g/L)
precipitate test precipitate test

Cs5 + 3.64 c47 + 7.05

c32  + 3.13 Cc52  + 7.61

c8lr  + 5.57 cs6  + 9.78

c108 + 5.56 c57  + 10.01

C136 + 545 c72  + 6.38

c45 - 6.95 c92  + 12.23

c53 - 6.67 c94  + 8.0

c63 - 6.95 c99 + 9.31

ced - 6.77 C107 + 6.29

c66 - 6.94 Cl42 + 5.65

c73 - 6.87 Cl49 + 6.12

c714 - 6.9 C155 + 9.23

C174 - 6.54 C158 + 5.70

C40 + 5.65 Cl69 + 7.15

Note: “+”: acetic acid production positive; “-”: acetic acid production

negative
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the detector was held at 250 °C. The oven temperature was
held at 50 °C for 2 min, and then it was raised at a rate of
2 °C/min to 85 °C and held for 0.1 min. Finally, the oven
temperature was increased at a rate of 5 °C/min to 210 °C
and held at 210 °C for 2 min.

Results
Screening of ACT-producing strains

We obtained 200 isolates with different morphologies from
Liangzhou fumigated vinegar, suggesting that the method of
forming transparent zones on GYC agar was effective for
isolating acid-producing bacteria (data not shown).

Among these isolates, 28 showed the ability to produce
ACT, and these were defined as V-P positive, including 20

acetic acid-producing isolates. Table 1 shows the ACT pro-
duced in the broth of the 28 isolates by GC- FID analysis. In
modified YPG medium, the isolate C92 produced the
highest amount of ACT (12.23 g/L) after 48 h of cultivation.

Characteristics of strain C92

In all cases sequence similarities approached 100 % with pub-
licly available sequences at the GenBank (NCBI, www.ncbi.
nlm.nih.gov), indicating a close phylogenetic relationship
with previously cultured organism. Acetobacter pasteurianus
and Lactobacillus plantarum were the more frequent species
and accounted for 32.1 and 17.8 % of the isolates,
respectively. The highest ACT-producing strain, C92
(GenBank accession number KR149365), showed a high
identity (99.2 %) to the Gram-negative bacterium Acetobacter

Table 2 Most probable
identification of ACT-produced
isolates. Identification of the iso-
lates was made according to sim-

Isolate

The closest relative species

Accession number  Sequence length ~ Sequence similarity with
the closest reference strain

(accession number)

ilarity values of a partial fragment

of the 16S rRNA gene sequence G5 Staphylococcus sp.

by BLAST C32 Staphylococcus sp.
C81 Staphylococcus capitis
C108 Staphylococcus epidermidis
C136 Staphylococcus sp.
C45 Lactobacillus pentosus
C53 Lactobacillus plantarum
C63 Lactobacillus plantarum
Co4 Lactobacillus sp.
C66 Lactobacillus sp.
C73 Lactobacillus plantarum
C74 Lactobacillus plantarum
C174 Lactobacillus plantarum
C40 Acetobacter sp.
C47 Acetobacter pasteurianus
Cs2 Acetobacter pasteurianus
C56 Acetobacter pasteurianus
C57 Acetobacter pasteurianus
C72 Acetobacter pomorum
Cl142 Acetobacter sp.
C158 Acetobacter sp.
C149 Acetobacter pomorum
C107 Acetobacter pomorum
C92 Acetobacter pasteurianus
C94 Acetobacter pasteurianus
C99 Acetobacter pasteurianus
CI155 Acetobacter pasteurianus
C169 Acetobacter pasteurianus
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KR149339 1403 99.5 % (FN556566)
KR149338 1477 99.6 % (FJ492836)
KR149341 1462 99.5 % (L37599)
KR149342 1502 99.0 % (AF397060)
KR149340 1480 99.6 % (F1492844)
KR149355 1519 100 % (D79211)
KR149350 1534 100 % (DQ239696)
KR149356 1489 100 % (AB183696)
KR149351 1491 100 % (AB219052)
KR149354 1468 100 % (AB070610)
KR149352 1452 100 % (AL935258)
KR149353 1452 100 % (AL935253)
KR149349 1422 100 % (EU081011)
KR149343 1411 99.0 % (AB219054)
KR149357 1313 98.8 % (HM046979)
KR149359 1440 99.7 % (AJ419834)
KR149363 1401 99.0 % (FN429065)
KR149364 1336 99.2 % (GQ240636)
KR149348 1491 99.5 % (AJ001632)
KR149344 1440 98.6 % (DQ887334)
KR149345 1391 99.8 % (GQ246652)
KR149346 1414 99.8 % (AB569643)
KR149347 1440 99.5 % (AJ419835)
KR149365 1412 99.2 % (DQ523493)
KR149360 1404 98.3 % (FN429067)
KR149362 1440 98.6 % (AP011121)
KR149361 1450 98.1 % (AY883035)
KR149358 1450 99.8 % (AY883035)
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Table 3  Identification of C92 with the physiological and biochemical
characteristics

Characteristic C92  Acetobacter pasteurianus

(Dong and Cai 2001)

Gram stain - -
Spore formation - -
Catalase + +
Oxidase - -
Motility - -
Fermentation of glucose - -
Oxidation of ethanol
Tert-butyl hydroperoxide
Hydrolysis of starch - -
Ketogenesis from glycerol
Production of gluconic acid
Production of 5-ketogluconate - -
Production of 2,5-diketogluconate ~ — -
Water soluble brown pigment + +
y-Pyrones from D-glucose - -

Note: “+”: positive; “-”: negative

pasteurianus (GenBank accession number DQ523493)
(Table 2), belonging to the family of Acetobacteriaceae.

The physiological and biochemical characteristics of strain
C92 are shown in Table 3. Strain C92 is a rod-shaped, non-
spore-forming bacterium that also shares several characteris-
tics of A. pasteurianus, such as being Gram-negative, aerobic,
catalase reaction-positive, oxidase reaction-positive, and hav-
ing the following results: oxidation of ethanol — positive, tert-
butyl hydroperoxide test — positive, gluconic acid producing
test — positive, and water soluble brown pigment — positive.

Effect of fermentation conditions on ACT production

As shown in Fig. 1, while being cultured at 30 °C, the ACT
production of strain C92 reached its maximum (14.02 g/L) at

40 h, indicating that the optimum fermentation time was 40 h.

Figure 2a shows the maximum level of ACT in medium at
pH 7.0, suggesting that 7.0 is the best pH value. The amount
of ACT increased with the increase of shaking speed, reaching

ACT(g/L)
n

—8I0'8I16l24l32.40.48I56l64l72.80
Time(h)
Fig. 1 Effect of fermentation time on ACT production by C92

a maximum of 15.37 g/L at 180 rpm (Fig. 2b). This result
indicates that oxygen supply is positively associated with
ACT production. As shown in Fig. 2c, the ACT level in-
creased with an increase of temperature from 26 to 32 °C.
The ACT level produced under 32 °C is approximately two-
fold of that under 26 °C. However, when temperature in-
creased to 34 °C, ACT appeared to decline, which may be
caused by abnormal cellular regulation related to metabolism.
The amount of ACT increased with an increase in inoculated
volume from 3 % (9.05 g/L) to 7 % (14.02 g/L), and then
remained at comparable levels (9 and 11 %).

Optimization of ACT production conditions

Based on response surface methodology (Kishore and
Kayastha 2012), the best conditions for ACT production in
strain C92 are temperature of 31.31 °C, pH of 6.67, shaking
speed of 209 rpm, and inoculation volume of 8.27 %. In ex-
periments under such conditions, the ACT yield is 19.04 g/L,
which is very close to the theoretical prediction (18.97 g/L),
suggesting the reliability of the conditions.

Table 4 shows the relationship between ACT and indepen-
dent variables estimated using a quadratic polynomial equa-
tion. The final equation in terms of actual factors, which gov-
erns the response, is as follows:

Y (ACT production) = —404.16940 + 20.73418% A—1.49465* B + 15.1194* C + 0.49639 * D + 0.076531 * A*
B + 0.64525 * A* C + 1.80625E-003* A* D—0.14731* B* C—3.30417E~003* B* D—0.016696* C* D—0.34173*
A2-0.30620* B>—1.41469* C*>—7.89097E—004* D>

where A is temperature (°C); B, inoculation volume
(%); C, pH and D represents shaking speed (rpm).
The equation indicates that ACT production has linear

and quadratic relationships with variables. Analysis of
variance (ANOVA) was also done to determine the ad-
equacy and significance of the quadratic model.
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Fig. 2 Effect of temperature (a), rotation speed (b), initial medium pH (c), inoculation volume (d) on ACT production by A. pasteurianus C92.
Fermentation conditions are described in the text. Data were means of triplicates. Standard errors are less than 5.0 % of the means

ANOVA for the response surface model is provided in
Table 5.

There is only a 0.01 % chance that a “model F Value” of
62.33 could occur due to noise. Regression analysis revealed a
high coefficiency (R-squared = 0.9831) and a high adjusted
coefficiency (R-squared = 0.9673). The response surface
graphs (RSG) are shown in Fig. 3.

The dynamics for ACT production

We measured the amount of ACT at different times to ex-
amine the dynamics for ACT production. The weight of
dried cells collected 8 h post-culture increased until 24 h
post-culture, and then reached stationary phase (Fig. 4).
No ACT was detected in the first 8 h and then it accumu-
lated rapidly at logarithmic phase to 2.32 g/L at 24 h. At
40 h, ACT reached the maximum level (19.04 g/L), and
then decreased. The pH decreased rapidly until 16 h, then
remained constant in the logarithmic phase, and then de-
creased slowly in late stage.

@ Springer

Discussion

ACT, an important metabolic product secreted by various mi-
croorganisms, could function as the precursor of TTMP (Kim
et al. 1994; Besson et al. 1997; Larroche et al. 1999; Huang
etal. 1999). ACT has been found in 35 Chinese black vinegars
for flavor enhancement (Chen et al. 2009).

In our study, we isolated Strain C92 with good ACT-
production ability from the solid fermentative substrate of
Liangzhou fumigated vinegar. We found that C92 exhibited
increased production of ACT with increase in oxygen supply,
which is consistent with two previous reports. Moes (1985)
reported a beneficial effect on ACT production by the dis-
solved oxygen in Bacillus subtilis culture, which might be
mediated through the reversible transformation between
ACT and 2, 3-butanediol. Similarly, Nakashimada et al.
(1998) found an association between ACT production and
oxygen supply in Paenibacillus polymyxa ATCC 12321.

Acetobacter pasteurianus C92 isolated in our study has
been shown to be an important strain for the acetification,
which may affect the acidity value required for the final
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Table 4 Central Composite

experimental design for Run Temperature (°C) Inoculation volume (%) pH Shaking speed (rpm) ACT (g/L)

independent variables and their

corresponding observed values of 1 30.00 5.00 6.00 240.00 13.763

response 2 34.00 5.00 6.00 240.00 9.178
3 34.00 9.00 6.00 240.00 12.127
4 30.00 5.00 8.00 240.00 8.281
5 32.00 7.00 5.00 210.00 8.834
6 32.00 7.00 7.00 210.00 17.284
7 32.00 7.00 7.00 150.00 11.104
8 36.00 7.00 7.00 210.00 9.211
9 32.00 7.00 7.00 270.00 13.541
10 30.00 9.00 8.00 180.00 10912
11 32.00 7.00 7.00 210.00 17.694
12 34.00 5.00 8.00 240.00 8.828
13 34.00 9.00 6.00 180.00 10.477
14 34.00 9.00 8.00 240.00 13.363
15 32.00 7.00 7.00 210.00 18.021
16 34.00 9.00 8.00 180.00 11.641
17 30.00 9.00 6.00 180.00 14.402
18 30.00 9.00 6.00 240.00 17.608
19 28.00 7.00 7.00 210.00 13.145
20 30.00 5.00 6.00 180.00 15.234
21 32.00 7.00 7.00 210.00 18.479
22 32.00 11.00 7.00 210.00 16.514
23 32.00 7.00 7.00 210.00 18.867
24 32.00 7.00 7.00 210.00 18.854
25 34.00 5.00 8.00 180.00 6.453
26 34.00 5.00 6.00 180.00 8.572
27 32.00 7.00 9.00 210.00 4.485
28 30.00 9.00 8.00 240.00 12.566
29 32.00 3.00 7.00 210.00 11.124
30 30.00 5.00 8.00 180.00 8.531

product. In a previous study, Acetobacter pasteurianus was
selected for colonization of musts and acetification for tradi-
tional balsamic vinegar acetification, an Italian aged condi-
ment produced by “seed vinegar” (Gullo et al. 2006; Gullo
et al. 2009). Taken together with the ACT-production ability
in vinegar, 4. pasteurianus C92 would be a promising strain
not only in acetification, but also in flavor improvement in the
industrial production of vinegar.

We isolated 20 acetic acid-producing strains belonging to
Acetobacter and Staphylococcus, including A. pasteurianus
and 4. pomorum, important strains in industrial vinegar pro-
duction (Sengun and Karabiyikli 2011). Although these acetic
acid-producing strains could exhibit different functions, they
may collectively result in a final improved taste of Liangzhou
fumigated vinegar.

Research by Larroche et al. (1999) revealed that ACT was
one of intermediary metabolites of Bacillus subtilis in the
conversion of sugar to TTMP, and that the ACT synthesis rate

could be affected by fermentation time. We observed that
ACT was detected at the 16th h; afterward, it showed an in-
crease with a decrease in sugar. In addition, the pH value
decreased rapidly from 0 to 16 h, but remained stable from
16 to 40 h, and decreased slowly late in the culture period.
Therefore, our conclusion is that ACT is the primary metabo-
lite from sugar in C92. ACT level increased with the increase
of biomass until 40 h. Afterward, the ACT level decreased
while biomass remained stable. TTMP was not detected until
40 h, and then began to increase. Therefore, ACT production
was associated with biomass and it probably decreased due to
the the combined effect of being converted to TTMP or some
other substances as well as product evaporation. Taken togeth-
er, ACT produced in C92 is a typical growth-associated prod-
uct, which serves as a biosynthesis precursor of TTMP. Our
conclusion is supported by a previous study showing the dy-
namic biosynthesis model of ACT and TTMP in Bacillus sp.
from Chinese high temperature Daqu (Zhu and Xu 2010b).
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Table 5 Analysis of variance

(ANOVA) for response surface Source SS Df MS F-test p

model of ACT production
Model 455.65 14 32.55 62.33 <0.0001 significant
A-Temperature 18.53 1 18.53 35.49 <0.0001
B-Inoculation volume 10.07 1 10.07 19.28 0.0005
C-pH 16.80 1 16.80 32.17 <0.0001
D-Shaking speed 62.08 1 62.08 118.89 <0.0001
AB 1.50 1 1.50 2.87 0.1108
AC 26.65 1 26.65 51.03 <0.0001
AD 0.65 1 0.65 1.24 0.2837
BC 4.54 1 4.54 8.69 0.0100
BD 3.04 1 3.04 5.82 0.0291
CD 0.14 1 0.14 0.27 0.6090
A’ 78.59 1 78.59 150.51 <0.0001
B’ 29.24 1 29.24 56.00 <0.0001
c 218.49 1 218.49 418.42 <0.0001
D’ 54.27 1 54.27 103.93 <0.0001
Residual 7.83 15 0.52
Lack of fit 5.76 10 0.58 1.39 0.3780 not significant
Pure error 2.08 5 0.42
Cor Total 463.49 29
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Fig. 3 Response surface graphs (RSG). (a-¢) Response surface plots representing the interaction of two variables and their response to the ACT
production. (d) The predicted versus experimental responses of interacting variables using response surface methodology
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Fig. 4 Time course of ACT fermentation under the modified YPG
medium and optimized conditions by A. pasteurianus C92. Opened
triangle: ACT, filled square: pH, opened square: residue sugar, filled
triangle: biomass, filled circle: TTMP. Data are the means of triplicate
experiments. Standard errors are less than 5.0 % of the means

We also observed that there was an increased reduction in
precursor ACT levels after 56 h, which might be caused by the
energy-storing function of ACT derived from pyruvate
(Johansen et al. 1975; Grundy et.al 1994). In Bacillus subtilis,
ACT is mainly catalyzed by the acetoin dehydrogenase en-
zyme system (AoDH ES) (Huang et al. 1999), and the aco
operon encoding AoDH ES is subject to direct and indirect
CcpA-dependent glucose transcriptional repression (Xiao and
Xu 2007). In early stage of culture with abundant glucose,
ACT is synthesized as a primary metabolite, while other cat-
abolic pathways are transcriptionally repressed. However, in
late stage when glucose is depleted, ACT was consumed as a
successive energy and carbon source to keep the cells alive.

Conclusion
In summary, we isolated a highly acetoin-producing strain of

Acetobacter pasteurianus strain C92 from Liangzhou fumi-
gated vinegar substrate. Its fermentation characteristics show

that it can be regarded as a strain with promising ACT-
production ability in vinegar production. We examined ACT
production of strain C92 under different conditions, and ob-
tained the best conditions, including temperature, pH value,
shaking speed and inoculation volume. By analysis of the
relationship between ACT and time, we suggest that ACT is
a primary metabolite from sugar. Studies of molecular mech-
anisms underlying the metabolic capabilities of strain C92 are
needed in the future before its application in the industrial
production of vinegar.
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