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Abstract: This study investigated the influence of one- and two-step fermentation on bioactive
compound production in fermented green tea, i.e., one-step fermented green tea (OFG) and two-step
fermented green tea (TFG). One-step fermentation entailed acetic acid fermentation, while two-step
fermentation consisted of lactic acid fermentation followed by acetic acid fermentation. Acetobacter
pasteurianus PCH 325, isolated from an over-ripened peach, was selected for acetic acid fermentation
based on its growth and organic acid production characteristics. Acetic acid fermentation conditions
were optimized for one- and two-step fermentation: 3% fermentation alcohol for both processes;
8% and 4% sucrose, respectively; and fermentation at 25 ◦C for both processes. For lactic acid
fermentation of TFG, the inoculum and optimized conditions reported previously were used. Under
the optimized conditions, the acetic acid content in OFG and TFG increased 21.20- and 29.51-fold,
respectively. Furthermore, through two-step fermentation, γ-aminobutyric acid and lactic acid were
produced up to 31.49 ± 1.17 mg/L and 243.44 ± 58.15 mg/L, respectively, which together with
acetic acid could contribute to the higher DPPH scavenging activity of TFG. This study suggests that
two-step fermentation may be a valuable strategy in industry for raising the amount of acetic acid
and/or providing additional bioactive compounds.

Keywords: fermented green tea; one- and two-step fermentation; acetic acid fermentation; lactic acid
fermentation; fermentation optimization; Acetobacter pasteurianus; organic acids; γ-aminobutyric acid;
DPPH scavenging activity; polyphenols

1. Introduction

Tea, brewed from Camellia sinensis leaves [1], is a beverage classified based on oxidation
level—black tea (fully oxidized leaves), oolong tea (semi-oxidized leaves), and green tea
(unoxidized leaves) [2]. Particularly, green tea has been enjoyed globally for over 800 years,
and contains many bioactive compounds, including polyphenols (e.g., catechins, flavanols,
flavandiols, and phenolic acids), caffeine, theanine, chlorophyll, and vitamins [3–7]. These
compounds have been reported to provide antioxidative, anti-obesity, and anti-carcinogenic
effects [3–7].

Fermentation is one of the oldest and most important technologies for the production and
preservation of foods [8–10]. Recently, fermentation has garnered attention as a technology for
enhancing the functionality and organoleptic properties of foods [11]. The health-promoting
effects of green tea can likely be improved by fermentation and/or biotransformation. Partic-
ularly, lactic acid bacteria (LAB) are known to degrade green tea’s catechins and polyphenols
into smaller phenolic acids and other metabolites, which can be more antioxidative and
bioavailable than the original substrates [12]. For instance, Wang et al. [13] reported that lactic
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acid fermentation using Lacticaseibacillus paracasei (formerly Lactobacillus paracasei) enhanced
the anti-obesity effect of green tea. Jin et al. [14] also reported that the use of LAB increased the
amounts of a variety of bioactive compounds with health-promoting effects in green tea. In the
meantime, acetic acid bacteria (AAB)—such as Acetobacter pasteurianus, A. aceti, and A. lovanien-
sis—have been extensively utilized in the acetic acid fermentation of various food materials.
AAB can efficiently convert ethanol to acetic acid, which is why they are of importance in the
vinegar industry [15,16]. Acetic acid has been extensively reported to have antimicrobial [17],
antioxidative [18], anti-hyperglycemic [19], antidiabetic [20], anti-hypertensive [21], hypoc-
holesterolemic [22], anti-obesity [23], and anti-carcinogenic [24] effects. Therefore, organic
vinegars produced through acetic acid fermentation of various fermentation materials have
been developed and consumed worldwide [25]. Intensive research on the optimization of
key fermentation factors—such as fermentation alcohol, carbohydrates, and fermentation
temperature—to stimulate acetic acid production by AAB has also been conducted [26–28].
However, research on the acetic acid fermentation of green tea is limited.

Several previous studies have tried to develop two-step fermentation processes to
enhance and/or provide health-promoting effects of existing or novel bioactive compounds
compared to one-step fermentation. Liu et al. [29] reported that two-step fermentation
using Lactobacillus rhamnoides and Bacillus amyloliquefaciens improved the nutritional value
of shrimp shell. Luan et al. [30] used Saccharomyces cerevisiae and mixed LAB strains to
produce two-step-fermented horseradish sauce with higher nutritional quality and superior
taste compared to the unfermented sauce. Meanwhile, Horiuchi et al. [31] reported that
two-step fermentation of onion vinegar using S. cerevisiae and A. pasteurianus significantly
increased the content of acetic acid. The use of AAB, however, has rarely been employed
for two-step fermentation along with LAB. Moreover, to the best of our knowledge, studies
on the impact of acetic acid fermentation on the functionality of green tea and the two-step
fermentation of green tea are rarely found in the literature.

As such, the present study evaluated the effect of two-step fermentation—consisting
of lactic acid fermentation followed by acetic acid fermentation—on the functionality of
fermented green tea, compared to one-step fermentation. In detail, the research was carried
out to stimulate acetic acid fermentation (as one-step acetic acid fermentation, or as part
of two-step acetic acid fermentation) of green tea, while focusing on the selection of AAB
strains with outstanding acetic acid production isolated from over-ripened fruits, along
with the optimization of fermentation factors. Moreover, this study investigated the influ-
ence of one-step fermentation (i.e., acetic acid fermentation) with the selected strain—A.
pasteurianus PCH 325—and two-step fermentation (i.e., lactic acid fermentation followed
by acetic acid fermentation) with a prolific γ-aminobutyric acid (GABA)-producing strain—
Levilactobacillus brevis GTL 79—and successively with A. pasteurianus PCH 325, under
optimized conditions, on the production of bioactive compounds in one-step fermented
green tea (OFG) and two-step fermented green tea (TFG). Finally, the antioxidative activ-
ity of both OFG and TFG was evaluated, and the contribution of bioactive compounds
produced by the fermentation processes to the activity was also discussed.

2. Materials and Methods
2.1. Acetobacter Strains Used
2.1.1. Isolation of Acetobacter Strains from Over-Ripened Fruits

Isolation of Acetobacter strains was conducted as described in a previous report [32],
with slight modification. Samples of over-ripened fruits—including apples, peaches, apri-
cots, and plums—were collected from market vendors in Sejong, Republic of Korea, and
stored at 4 ◦C. Within 24 h of storage, Acetobacter strains were isolated from the samples.
Three grams of each over-ripened fruit was homogenized with 30 mL of 0.1% peptone
saline in a stomacher (Laboratory Blender Stomacher 400, Seward, Ltd., Worthing, UK).
Three milliliters of the homogenate was then combined with 7 mL of enrichment medium I
(1.5% peptone, 0.8% yeast extract, 1% glucose, 0.5% ethanol, 0.3% acetic acid, 0.01% cyclo-
heximide; adjusted to a pH of 3.5 using 2 M hydrochloric acid; all from Junsei Chemical
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Co., Tokyo, Japan). After incubation at 30 ◦C for 72 h, the medium was serially diluted
with 0.1% peptone saline. One hundred microliters of each dilution was spread-inoculated
in duplicate on calcium carbonate agar (2% glucose, 0.8% yeast extract, 0.7% calcium car-
bonate, 0.5% ethanol, 0.5% peptone, 1.2% agar; all from Junsei). After aerobic incubation
at 30 ◦C for 72 h, colonies with a clear zone—indicating AAB—formed on agar plates
containing 10–300 colonies [33] were streak-inoculated onto YPM agar (0.5% yeast extract,
0.3% peptone, 2.5% mannitol, 1.2% agar; all from Junsei) and incubated under the same
conditions to differentiate individual strains. To obtain pure cultures, single colonies were
streak-inoculated on YPM agar and incubated under the same conditions. Then, the single
colonies were picked and inoculated into 5 mL of YPM broth and aerobically incubated at
30 ◦C for 72 h. The culture was stored at −20 ◦C as a 20% glycerol stock solution (v/v).

2.1.2. Identification of the Selected Acetobacter Strain

Acetobacter strains were characterized and selected on the basis of their capability
of oxidizing acetate [34]. The selected Acetobacter strains were further identified us-
ing 16S rRNA gene sequence analysis. The universal bacterial primer pair 518F (5′-
CCAGCAGCCGCGGTAATACG-3′) and 805R (5′-GACTACCAGGGTATCTAAT-3′) (all
from Solgent Co., Daejeon, Korea) was used for the amplification of the 16S rRNA gene.
The identities of sequences were determined using the basic local alignment search tool
(BLAST) of the National Center for Biotechnology Information [35]. Finally, the strain
identified as A. pasteurianus PCH 325 was used for acetic acid fermentation of green tea.

2.1.3. Reference Strain Used

Acetobacter aceti KCTC 12290 (also designated as ATCC 15973), obtained from the
Korean Collection for Type Cultures (KCTC; Daejeon, Korea), was utilized as a reference
strain to compare the growth and acid production characteristics of the isolated AAB strains,
as it is one of the most widely used strains in the industrial production of vinegar [36].

2.2. Acetobacter Strain Selection for Acetic Acid Fermentation of OFG and TFG

The isolated Acetobacter strain ultimately used in the acetic acid fermentation of OFG
and TFG was selected on the basis of its acid production capability and growth potential.
Resistance to green tea catechins and acetic acid-producing capability were also considered
in strain selection. Five milliliters of YPM broth was inoculated with approximately 10 µL
of glycerol stock of each AAB strain (either reference or each isolated strain). After aerobic
incubation at 30 ◦C for 72 h, 100 µL of the culture was inoculated into 5 mL of fresh YPM
broth and incubated under the same conditions. This culture was used for the 4 different
tests (i.e., acid production capability, growth potential, resistance to green tea catechins,
and acetic acid-producing capability) of the screening process (Figure 1). The culture was
also used for the preparation of the bacterial suspension (see Section 2.3), which was used
in the fourth screening test (Section 2.2) as well as the acetic acid fermentation of green tea
(see Section 2.6).

The first 3 tests followed methods described by Jin et al. [14], with minor modifications,
including basal medium (1% peptone, 1% glucose, 1% ethanol, 1% glycerol, 0.5% yeast
extract; adjusted to a final pH of 6.8 by adding 2 M hydrochloric acid) [32] for the acid
production capability test and YPM broth for the growth potential and resistance to green
tea catechins tests, with incubation at 30 ◦C for 72 h to obtain the strains with the highest
acid production and growth potential in the presence of fermentation alcohol [37]. Specific
growth rates and lag times were calculated based on the values generated by Bioscreen
C (Labsystems, Helsinki, Finland), using spreadsheet software (Excel 2016; Microsoft Co.,
Redmond, WA, USA) and a mathematical model developed by Baranyi and Roberts [38].
The relative lag time was calculated based on previous studies [39–41], with slight modifi-
cations. The relative lag time is the ratio of the lag time (h) of the tested AAB strains to the
value of the strain with the shortest lag time. On the basis of this formula, a value of 1.00
indicates the shortest lag time.
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Figure 1. Flowchart of the screening process for selecting the strain used for acetic acid fermentation
of green tea.

The acetic acid-producing capability (fourth screening test) of the Acetobacter strains
was measured by ion chromatography analysis (see Section 2.8) of test samples prepared by
inoculating 200 mL of green tea (see Section 2.4) with bacterial suspension (see Section 2.3)
at a concentration of 6 Log CFU/mL, followed by aerobic fermentation at 30 ◦C for 6 days.

2.3. Bacterial Suspension Preparation for Acetic Acid Fermentation of Green Tea

The suspension was prepared following a method described previously [14], with
slight modification. In detail, 250 mL of YPM broth was inoculated with 5 mL of the
culture prepared above, and incubated aerobically at 30 ◦C for 72 h. The culture was
then centrifuged at 8000× g and 4 ◦C for 5 min. After washing three times, the pellet
was resuspended in a buffer (Sörensen’s buffer; 5.675 g of disodium phosphate, 3.630 g of
monopotassium phosphate). The suspension (adjusted to 8 Log CFU/mL) was used in the
acetic acid fermentation of green tea (see Sections 2.2 and 2.6.1).

2.4. Green Tea Preparation

The green tea was brewed as previously described [14]. Eighty grams of dried leaves
was infused for 5 min in 2 L of boiling distilled water. The infused green tea was then
filtered through a sterile sieve. The filtrate was used in one-step fermentation and in the
lactic acid fermentation phase of two-step fermentation.
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2.5. Lactic Acid-Fermented Green Tea Preparation for Two-Step Fermentation

Lactic acid-fermented green tea for lactic acid fermentation (the first phase of two-step
fermentation) was prepared following the previously optimized fermentation conditions
described by Jin et al. [14]. Briefly, green tea (as prepared above) was supplemented with
fermentation alcohol (1%) and glucose (6%), inoculated with a prolific GABA-producing L.
brevis GTL 79, and fermented for 5 days at 37 ◦C.

To remove LAB, a 0.2 µm membrane (cellulose nitrate; Cytiva, Buckinghamshire, UK)
was used to filter the lactic acid-fermented green tea. The resulting lactic acid-fermented
green tea was used directly in the acetic acid fermentation phase of two-step fermentation.

2.6. Optimization of Key Factors for Acetic Acid Fermentation of Green Tea with A. pasteurianus
PCH 325

As one of the successive optimization processes suggested previously [14,42,43], the
optimization process in this study (Figure 2) followed the adaptive one-factor-at-a-time
(OFAT) method used in a previous report [14]. Briefly, the key factors for acetic acid fer-
mentation of green tea with A. pasteurianus PCH 325—fermentation alcohol, carbohydrates,
and fermentation temperature—were optimized for one-step and two-step fermentation.
pH, AAB counts, and acetic acid content served as indicators of appropriate acetic acid
fermentation. Green tea (see Section 2.4) and lactic acid-fermented green tea (see Section 2.5)
were used as the fermentation materials in acetic acid fermentation for each of the above
fermentation processes, respectively.
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2.6.1. Optimization of Fermentation Alcohol Concentration

To optimize the fermentation alcohol concentration used in one-step fermentation and
in the acetic acid fermentation phase of two-step fermentation, fermentation alcohol (95%
ethanol, food grade; Ethanol Sales World Co. Ltd., Jeonju, Korea) at a concentration of 0,
1, 3, or 5% (v/v) was supplemented into 200 mL of the green tea (Section 2.4) or the lactic
acid-fermented green tea (Section 2.5) filtrates in an Erlenmeyer flask (500 mL in volume)
with a porous silicon stopper. The filtrates were inoculated with the A. pasteurianus PCH 325
suspension prepared in Section 2.3 to concentrations of approximately 6 Log CFU/mL. The
flask was plugged and fermented aerobically at 30 ◦C for 6 days. The pH, AAB counts, and
acetic acid content in OFG and TFG, along with the GABA content and lactic acid content in
TFG, were determined at 48 h intervals during fermentation.

2.6.2. Optimization of Carbohydrate Type and Concentration

To optimize the carbohydrate type used in one-step fermentation and in the acetic
acid fermentation phase of two-step fermentation, 10% (w/v) of each carbohydrate (glu-
cose, fructose, or sucrose; all from Junsei) was dissolved in 200 mL of green tea or lac-
tic acid-fermented green tea along with 3% fermentation alcohol (v/v; as optimized in
Sections 3.2 and 3.3). Inoculation, fermentation, and sampling were performed as described
in Section 2.6.1.

Following optimization of the carbohydrate type, the concentration of sucrose (see
Sections 3.2 and 3.3) supplemented into the green tea or lactic acid-fermented green tea
samples was further optimized by testing supplement concentrations of 0, 2, 4, 6, 8, and
10% (w/v).

2.6.3. Optimization of Fermentation Temperature

To optimize the fermentation temperature used in one-step fermentation and in the
acetic acid fermentation phase of two-step fermentation, various fermentation temperatures
were tested. Green tea and lactic acid-fermented green tea supplemented with 3% fermen-
tation alcohol and 8% or 4% sucrose (one-step or two-step fermentation, respectively),
as optimized in Sections 3.2 and 3.3, were inoculated as described in Section 2.6.1 and
fermented at 20, 25, or 30 ◦C for 6 days.

2.7. Determination of Physicochemical and Microbial Characteristics

The pH and acetic bacterial counts of the OFG and TFG samples were determined as
described in a previous study by Jin et al. [14], with minor modifications, including YPM
agar and incubation at 30 ◦C for 72 h for the enumeration of acetic acid bacteria.

2.8. Analysis of Contents of Organic Acids and GABA

The acetic acid and lactic acid contents in OFG and TFG were analyzed as described
in a previous study [14]. The analysis procedures included the filtration of fermented green
tea and chromatographic separation of organic acids.

GABA in TFG was quantified according to a procedure described previously [14].
The analysis procedures included the extraction, derivatization, and chromatographic
separation of GABA.

2.9. Analysis of Contents of Fermentation Alcohol and Carbohydrates

The fermentation alcohol content in OFG and TFG was determined according to the
procedures developed by Crowell and Ough [44], with slight modifications. First, 2 mL
of OFG or TFG was mixed with 18 mL of distilled water. Then, 1 mL of the mixture was
added to 1 mL of 0.2 M dichromate solution (dissolved in 20% sulfuric acid solution) and
incubated at 60 ◦C for 1 h in a water bath. After cooling at room temperature for 20 min,
the absorbance of the mixture was measured at 600 nm with a spectrophotometer (Lambda
35, PerkinElmer Ltd., Waltham, MA, USA). Fermentation alcohol was used as a standard
for the calibration curve.
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The glucose and sucrose contents in OFG and TFG were analyzed using the Sucrose/D-
Fructose/D-Glucose Assay Kit (NZYTech, Lisbon, Portugal). The analysis was conducted
according to the manufacturer’s instructions.

2.10. Analysis of Antioxidative Activity

The total polyphenol content and DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scaveng-
ing activity of OFG and TFG—the most representative indicators for presuming the antioxida-
tive activity of plant extracts, as suggested by Clarke et al. [45] and Chaves et al. [46]—were
measured to evaluate the antioxidative activity. Both analyses were conducted as described in
a previous study [14].

2.11. Statistical Analysis

Data were presented as the means and standard deviations of triplicate results. The
significance of differences was assessed by one-way analysis of variance (ANOVA) us-
ing Fisher’s multiple comparison module of the Minitab software, version 17 (Minitab,
LLC., State College, PA, USA), and differences with probability p < 0.05 were deemed
statistically significant.

3. Results
3.1. Acetobacter Strain Selection for Acetic Acid Fermentation of Both OFG and TFG

To enhance acetic acid production in OFG and TFG via acetic acid fermentation with
prolific acetic acid-producing AAB, the most active candidate was selected based on the
following screening process (Figure 1). In the first screening stage, of the 230 isolated
strains, 122 strains that could oxidize acetate were selected as tentative Acetobacter species.
Next, 28 strains were selected due to having either lower pH (i.e., higher acid production
capability) or higher OD600 (i.e., higher growth potential) than the reference strain (Ta-
ble 1). Meanwhile, catechins present in green tea have been described to inhibit microbial
growth [47]. Therefore, in the third screening stage, the 28 strains were subjected to a test
for resistance to green tea catechins, and all of the strains exhibited better growth potential—
e.g., higher specific growth rate and/or shorter relative lag time—than the reference strain.
This result indicated that the strains could grow in green tea while resisting green tea
catechins. After comprehensive consideration of the growth characteristics, including the
catechin resistance and microbial metabolic activity tested above, nine strains were further
screened. In the fourth screening stage, the nine strains were identified as A. pasteurianus (1
strain), A. lovaniensis (2 strains), and A. okinawensis (6 strains) based on 16S rRNA sequenc-
ing analysis. As A. pasteurianus and A. lovaniensis are widely used for vinegar production in
the food industry [15,16,48], in the final screening stage, these three strains were subjected
to a green tea fermentation test to compare their acetic acid production capability in green
tea. Compared to the acetic acid-producing capability of the reference strain (0.85 ± 0.25
mg/L) and the other two candidates (0.57 ± 0.44 mg/L), A. pasteurianus PCH 325 showed
the most outstanding acetic acid production (282.98 ± 25.01 mg/L), and was consequently
chosen for acetic acid fermentation. As compiled in Table 1, the ultimately selected strain
(A. pasteurianus PCH 325) exhibited greater (or similar) metabolic activity and resistance
to green tea catechins, and the highest acetic acid-producing capability compared to the
reference strain and other isolated Acetobacter strains.

3.2. Optimization of Key Factors for Fermentation of OFG

For the acetic acid fermentation of both OFG (Section 3.2) and TFG (see Section 3.3),
A. pasteurianus PCH 325, as selected above, was used as the inoculum. To stimulate the
metabolic activity of the selected strain, key fermentation factors were optimized, based
on the adaptive OFAT method. In each optimization stage, pH and AAB counts were
determined to assess appropriate fermentation. The content of the organic acid was also
analyzed concurrently, as acetic acid is one of the most important bioactive compounds
produced by AAB.
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Table 1. Selection of an Acetobacter strain for acetic acid fermentation of green tea based on acid
production, growth potential, and acetic acid production capability.

Bacterial Strains 1 pH Growth Potential
(OD600)

Green Tea Catechin Resistance
Acetic Acid

Production (mg/L)Specific Growth
Rate (h−1) Relative Lag Time

Acetobacter Strains Isolated From Rotten Fruits

A. pasteurianus PCH 325 3.89 ± 0.00 2 1.92 ± 0.00 0.06 ± 0.00 1.11 ± 0.00 282.98 ± 25.01

Other candidate strains 3.91 ± 0.16
(3.61–4.33) 3

1.83 ± 0.44
(0.95–2.28)

0.07 ± 0.03
(0.01–0.12)

4.22 ± 2.36
(1.00–10.02)

0.57 ± 0.44
(0.26–0.88)

Reference Strain of Acetobacter spp.

A. aceti KCTC 12290 4.45 ± 0.03 0.92 ± 0.05 0.01 ± 0.00 - 4 0.85 ± 0.25
1 Bacterial strains, including the ultimately selected A. pasteurianus PCH 325 strain and 27 other candidate strains
selected through the first to third screening stages, were examined for acid production, growth potential, and
green tea catechin resistance (the bacterial incubation was conducted at 30 ◦C for 72 h); bacterial strains, including
the final selected strain and 2 other candidate strains selected at the fourth screening stage, were not only examined
for acetic acid production capability, but also subjected to previous tests (the fermentation with each strain was
conducted at 30 ◦C for 6 days). 2 Mean ± standard deviation obtained from a single strain. 3 Mean ± standard
deviation (the range from minimum to maximum) obtained from multiple strains. 4 Lag phase could not be
determined visually or with software.

Fermentation alcohol is mainly produced by fermentation of grains, such as corn,
wheat, and sorghum [49], and has been widely used to promote acetic acid fermentation by
AAB in the vinegar industry [50], while concentrations of over 5% may inhibit microbial
growth [51]. As such, the present study examined the effects of different fermentation
alcohol concentrations (1, 3, and 5%) to define the optimal concentration supplemented
into OFG. A control OFG sample without fermentation alcohol supplementation was
tested concurrently. Although the change patterns for pH and AAB counts of the control
and all supplemented OFG samples were similar (data not shown), the OFG samples
with 3% fermentation alcohol supplementation contained a significantly higher level of
acetic acid (3818.18 ± 239.56 mg/L) than those of the control and the other supplemented
samples (p < 0.05) after the 6 days of fermentation. Hence, as shown in Figure 3, 3%
fermentation alcohol supplementation was determined to be the optimal factor for acetic
acid fermentation in this stage (Figure 3, �).
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Figure 3. Changes in (a) pH, (b) acetic acid bacterial counts, and (c) acetic acid content in OFG
at each stage of the optimization process for acetic acid fermentation. •: Control (fermentation
without supplementation), �: condition optimized at stage 1 (fermentation with supplementation
of 3% fermentation alcohol), N: condition optimized at stage 2 (fermentation with supplementa-
tion of 8% sucrose in addition to the condition optimized at stage 1), 3: condition optimized at
stage 3 (fermentation at 25 ◦C in addition to the conditions optimized at stage 2). Sucrose was
selected based on the effects of several carbohydrates at the same concentration, and the sucrose
concentration was subsequently optimized. Error bars indicate standard deviations determined from
triplicate experiments.
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The carbohydrate type and concentration can impact AAB growth and metabolic
activity [52,53]. As such, in the second optimization stage, OFG samples were supple-
mented with one of each carbohydrate at a concentration of 10%, along with 3% fermenta-
tion alcohol as determined in optimization stage 1. Subsequently, based on the results for
pH, AAB counts, and acetic acid production, the best carbohydrate was chosen, and the
optimization was rerun with supplementation of 2, 4, 6, 8, or 10% of the carbohydrate to
optimize the factor further. A control OFG sample without carbohydrate supplementation
was tested concurrently. OFG samples supplemented with sucrose had a relatively lower
pH and higher AAB counts as well as significantly higher acetic acid content than the sam-
ples supplemented with glucose or fructose (p < 0.05) (data not shown). Therefore, sucrose
was chosen as the optimal carbohydrate, and the effects of various supplementary concen-
trations (2, 4, 6, 8, and 10%) were subsequently compared (data not shown). The change
patterns for pH and AAB counts of the control and all supplemented OFG samples were
similar (data not shown). However, at the end of fermentation, the sucrose-supplemented
samples had higher acetic acid concentrations than the control, with 8% sucrose supple-
mentation exhibiting the highest acetic acid-producing capability (5362.54 ± 370.70 mg/L)
among all of the samples (p < 0.05). Thus, 8% sucrose supplementation was eventually
selected as the optimal fermentation factor in optimization stage 2 (Figure 3, N).

Fermentation temperature can also influence AAB growth and metabolic activity [52,53].
As such, considering the optimal growth temperature, the present study tested different
fermentation temperatures (20, 25, and 30 ◦C) in the final stage of optimization, along with 3%
fermentation alcohol and 8% sucrose supplementation as selected in the earlier stages. The
change patterns for pH and AAB counts of all OFG samples fermented at different tempera-
tures were similar (data not shown). However, after fermentation, the OFG sample fermented
at 25 ◦C contained a considerably higher amount of acetic acid (5997.80 ± 513.06 mg/L) than
the other samples (p < 0.05). Therefore, fermentation at 25 ◦C was determined to be the
optimal factor in this stage (Figure 3, 3). The changes in pH, acetic acid bacterial count, and
acetic acid content obtained under the optimal conditions selected in each optimization stage
are compiled in Figure 3. Taken together, for the acetic acid fermentation of OFG, the optimal
conditions were determined to be supplementation with 3% fermentation alcohol and 8%
sucrose, and a fermentation temperature of 25 ◦C.

3.3. Optimization of Key Factors for Fermentation of TFG

Unlike one-step fermentation, two-step fermentation consisted of a lactic acid fermen-
tation phase followed by an acetic acid fermentation phase. Lactic acid-fermented green tea
prepared using a prolific GABA-producing strain—L. brevis GTL 79—and the optimized
conditions for GABA production reported by Jin et al. [14] served as the fermentation
material for the acetic acid fermentation phase. Optimization of fermentation conditions
for the acetic acid fermentation phase of TFG was performed following the same procedure
as described in the previous section. Similarly, in each optimization stage, pH, AAB counts,
and contents of acetic acid were recorded. Considering that two-step fermentation entailed
lactic acid fermentation, the contents of lactic acid and GABA were also analyzed. However,
lactic acid content is not described in this section because the content was significantly
reduced throughout the fermentation period, with increasingly severe reduction at each
successive optimization stage.

In the first optimization stage, the effects of different fermentation alcohol concen-
trations (1, 3, and 5%) were investigated (data not shown). When fermentation alcohol
was supplemented into the acetic acid fermentation, the change patterns for pH, AAB
counts, and acetic acid content were the same as in the one-step fermentation experiments.
Particularly, at the end of fermentation, the TFG samples supplemented with 3% fermenta-
tion alcohol contained a significantly higher level of acetic acid (6011.83 ± 352.42 mg/L)
than those of the control and the other samples (p < 0.05). With regard to GABA, the
contents in the control and all other samples gradually decreased by day 2 of fermentation,
and slightly but insignificantly increased thereafter. There was no statistically significant
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difference (p > 0.05) in the contents between all samples. Therefore, 3% fermentation al-
cohol supplementation was chosen as the optimal factor for acetic acid fermentation in
this stage (Figure 4, �), which was the same concentration of fermentation alcohol as in
one-step fermentation.
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Since sucrose was chosen as the optimal carbohydrate for acetic acid fermentation of
OFG in the previous section, in the second optimization stage of acetic acid fermentation of
TFG, the effects of various sucrose concentrations (0, 2, 4, 6, 8, and 10%) were examined
(data not shown). When sucrose was supplemented into the acetic acid fermentation, the
change patterns of pH, AAB counts, and acetic acid content were the same as in one-step
fermentation. In particular, at the end of fermentation, the sucrose-supplemented samples
had higher acetic acid concentrations than the control, with 4% sucrose supplementation
exhibiting the highest acetic acid-producing capability (7400.28 ± 199.85 mg/L) among
all of the samples (p < 0.05). Regarding GABA, its concentration in the control remained
constant throughout fermentation. Although the GABA content in all samples gradually
decreased until day 4 of fermentation, and slightly increased thereafter, the final contents
in the control and all other samples were not significantly different (p > 0.05). Thus, in
optimization stage 2 (Figure 4, N), 4% sucrose supplementation was eventually selected
as the optimal factor, which was a lower concentration than in one-step fermentation
(8% sucrose).

In the final optimization stage, the effects of fermentation at 20, 25, and 30 ◦C were
examined (data not shown). When fermented at different temperatures, the change patterns
of pH, AAB counts, and acetic acid content were similar to those in one-step fermentation.
Particularly, after fermentation at 25 ◦C, the acetic acid content in the TFG sample was
considerably higher (8349.49 ± 418.04 mg/L) than that in the other samples (p < 0.05).
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In addition, although the GABA content in all samples slightly (but not significantly)
decreased until day 4 of fermentation, and then slightly (but not significantly) increased
thereafter, the final contents in all samples were not significantly different (p > 0.05).
Therefore, an optimal fermentation temperature of 25 ◦C was selected in this stage (Figure 4,
3), which was the same temperature as in one-step fermentation. The changes in pH, acetic
acid bacterial count, and acetic acid content obtained under the optimal conditions selected
in each optimization stage are compiled in Figure 4. Altogether, the optimal fermentation
conditions for the acetic acid fermentation phase of TFG were defined as supplementation
with 3% fermentation alcohol and 4% sucrose, and a fermentation temperature of 25 ◦C.

3.4. Comparison of Bioactive Compounds and DPPH Scavenging Activity of OFG and TFG

To compare the effects of one- and two-step fermentation on the functionality of fer-
mented green tea, bioactive compounds produced through the fermentation processes are
summarized in Table 2. Under the optimized conditions for one- and two-step fermenta-
tion, the acetic acid contents in OFG and TFG increased 21.20- and 29.51-fold, respectively,
compared to that in the control (inoculated green tea without supplementation) for one-
step fermentation. Furthermore, TFG contained up to 31.49 ± 1.17 mg/L of GABA and
243.44 ± 58.15 mg/L of lactic acid, although while GABA content remained, lactic acid
content decreased as acetic acid fermentation progressed. It is also noteworthy that, as
shown in Table 2, the acetic acid content in each sample prepared with an optimal factor
obtained from each optimization stage for the acetic acid fermentation phase of TFG was
significantly higher than that in the same stage in one-step fermentation (p < 0.05). Thus,
the acetic acid content in TFG was as high as 139.21% of that in OFG.

Table 2. Comparison of bioactive compounds at each optimization stage for the acetic acid fermenta-
tion phase in the one- and two-step fermentation processes of green tea.

Optimization Stage
(Key Factors) 1

One-Step Fermentation Two-Step Fermentation

Acetic Acid (mg/L) Acetic Acid (mg/L) GABA (mg/L) Lactic Acid (mg/L)

Control 282.98 ± 25.01 2,A,a

(100.00%) 3
5250.00 ± 1578.00 A,b

(100.00%) 24.77 ± 4.83 A 243.44 ± 58.15 A

First stage
(fermentation alcohol)

3818.18 ± 239.56 B,a

(1349.28%)
6011.83 ± 352.42 AB,b

(114.51%) 28.10 ± 1.91 AB 212.63 ± 80.00 A

Second stage
(carbohydrate)

5362.54 ± 370.70 C,a

(1895.02%)
7400.28 ± 199.85 BC,b

(140.96%) 25.99 ± 4.27 AB 30.33 ± 3.30 B

Final stage
(fermentation temperature)

5997.80 ± 513.06 C,a

(2119.51%)
8349.49 ± 418.04 C,b

(159.04%) 31.49 ± 1.17 B 88.32 ± 9.76 B

1 Key fermentation factors applied in each optimization stage. Optimized conditions were 3% fermentation alcohol,
8% sucrose, and fermentation at 25 ◦C for one-step fermentation; and 3% fermentation alcohol, 4% sucrose, and
fermentation at 25 ◦C for two-step fermentation. The inoculated green tea without supplementation served as a
control. 2 Mean ± standard deviation of independent experiments performed in triplicate. Mean values of the
contents of bioactive compounds in the same column that are followed by different upper-case letters (A–C) are
significantly different (p < 0.05). Mean values of acetic acid content in the same row (one-step fermentation vs.
two-step fermentation) that are followed by different lower-case letters (a,b) are significantly different (p < 0.05).
3 Relative acetic acid contents are represented as the percentage with respect to the corresponding control.

To further evaluate the functionality of OFG and TFG under the optimized conditions,
DPPH radical scavenging activity and total polyphenol content—the most representative
indicators reflecting the antioxidative activity of a plant extract, as suggested by previous
studies [45,46]—were determined. The change in total polyphenol content in the OFG
and TFG, as well as the blank (i.e., non-inoculated green tea with no supplementation),
is shown in Figure 5a. The initial total polyphenol contents of the blank and OFG were
1520.32 mg/L and 1514.11 mg/L, respectively, while that of TFG was 1414.23 mg/L. The
lower initial content in TFG may have been due to a decrease in the total polyphenol
content during the lactic acid fermentation phase of two-step fermentation [14]. The total
polyphenol content in the blank gradually fell throughout the experimental period, while
that of the OFG remained constant. The total polyphenol content in the TFG gradually
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increased to 1473.09 mg/L by day 4, and decreased to 1360.71 mg/L by the end of the
fermentation period.

Figure 5. Changes in (a) total polyphenol content and (b) DPPH radical scavenging activity of
OFG and TFG under each optimal fermentation condition. •: Blank (non-inoculated green tea
with no supplementation), �: OFG (one-step fermented green tea under optimal fermentation
conditions),�: TFG (two-step fermented green tea under optimal fermentation conditions). Two-step
fermentation of green tea consisted of lactic acid fermentation followed by acetic acid fermentation.
For lactic acid fermentation, conditions optimized in a previous study (Jin et al., 2021) [14] were used.
Error bars indicate standard deviations determined from triplicate experiments.

Somewhat differently from the total polyphenol content, the change in DPPH scaveng-
ing activity varied depending on the fermentation processes (Figure 5b). The initial DPPH
scavenging activity of the blank and OFG was 87.25% and 88.97%, respectively, while that
of TFG was 93.53%. The higher initial activity of TFG could be attributed to the bioactive
compounds—including GABA, acetic acid, and lactic acid—produced through the lactic
acid fermentation phase of two-step fermentation [14]. The DPPH scavenging activity of
the blank slightly decreased throughout the experimental period. The DPPH scavenging
activity of the OFG significantly increased to 92.74% by day 2, and slightly rose to 94.31%
by the end of the fermentation period, while that of the TFG gradually increased up to
95.99% (significantly higher than the initial activity; p < 0.05) throughout the fermentation
period. Consequently, the DPPH scavenging activity of OFG and TFG was higher (109.50%
and 111.45%, respectively) than that of green tea (blank). Although the total polyphenol
content in TFG was lower than that of OFG, TFG possessed significantly higher DPPH
scavenging activity than OFG (p < 0.05), which may have been due to the higher levels of
acetic acid [54], GABA [55], and lactic acid [56,57] in TFG, as shown in Table 2.

4. Discussion

Green tea has been described as containing a variety of bioactive compounds, such as
polyphenols and catechins, that provide antioxidative, anti-obesity, and anti-carcinogenic
effects [3–7]. To improve the health functions of green tea, several studies have tried to develop
fermentation processes, including the selection of fermentation microorganisms [14,58] and
optimization of fermentation conditions [14]. As part of these efforts, lactic acid fermen-
tation with useful LAB has mainly been studied to enhance the health functions of green
tea [13,14,58]. In other previous studies, acetic acid fermentation has also been studied as part
of a fermentation process with yeasts to improve the health-promoting effects of kombucha—a
green tea-based fermented beverage [59–61]. To the best of our knowledge, however, studies
on two-step fermentation of green tea using both LAB and AAB have rarely been reported.
Therefore, the present study was conducted to enhance acetic acid production and/or provide
additional bioactive compounds to green tea through one- and two-step fermentation.

In the present study, A. pasteurianus PCH 325 with outstanding capability of produc-
ing acetic acid in green tea was isolated from an over-ripened peach. The fact that A.
pasteurianus and other Acetobacter species—such as A. aceti and A. lovaniensis—have been
reported to be commonly used in vinegar fermentation [15,16,48] was also considered in
the selection of the fermentation strain. Among the nine strains selected based on the
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growth and acid production characteristics in the third screening stage (see Section 3.1), the
six A. okinawensis strains were not selected after identification, because this species has not
been widely used for vinegar production in the food industry. However, since a study on
acetic acid production with A. okinawensis has been recently reported [62], further studies
on the application of these strains in the food industry—such as fermentation conditions of
food raw materials and safety evaluation of the strains and fermented products—will be
necessary in the future. Meanwhile, several studies have reported that green tea catechins
have a broad antimicrobial spectrum, to which both pathogenic bacteria and AAB are
susceptible [47,63,64]. Thus, it is noteworthy that all 28 Acetobacter strains selected in the
second screening stage showed green tea catechin resistance. According to Diez et al. [47],
the resistance of AAB to catechins may be due to their ability to degrade catechins, suggest-
ing that the level of resistance to green tea catechins of the 28 Acetobacter strains might be
attributed to catechin degradation. Similarly, in a previous study on lactic acid-fermented
green tea, while the in vitro antioxidative effect increased, the polyphenol content in green
tea decreased during fermentation [14]. Taken together, bioconversion studies of bioactive
compounds—such as catechins and polyphenols—in green tea using AAB as well as LAB
will also be of interest to food microbiologists.

Optimization of fermentation conditions is a key process in fermentation research,
along with the selection of the fermentation strain to stimulate metabolic activity and
bioactive compound productivity. For acetic acid fermentation, the key factors have
been intensively used in the research of fermentation process optimization [50–52,65–67].
Based on the present and previous studies, the optimized fermentation conditions vary
widely even when the same species (but different strains) of Acetobacter are used. Since
such differences may be due to the fermentation materials and the bacterial strain used,
optimization of the fermentation process should be conducted when fermentation materials
and/or bacterial strains are changed. To industrialize the final product, further research
to increase fermentation yield through optimization of the fermentation process (such as
agitation, oxygenation, temperature, pH, substrate concentrations, etc.) is necessary [68,69].
It is also worth mentioning that although most optimal key factors for one- and two-step
fermentation processes were the same, the optimal sucrose concentration for two-step
fermentation was lower (4%) than that for one-step fermentation (8%). These results could
be explained by the possibility that several precursors of acetic acid—such as fermentation
alcohol, glucose, and lactic acid, which would have been present in the lactic acid-fermented
green tea—were used in the acetic acid fermentation phase of two-step fermentation. In fact,
our additional experiments to confirm this possibility revealed that both the fermentation
alcohol and glucose provided for lactic acid fermentation remained after the fermentation,
and could be used for acetic acid fermentation (data not shown). Finally, it is also expected
that the use and optimization of additional fermentation factors—such as fermentation
substrates and conditions that differ from the key factors examined in this study—would
further enhance the effects.

In the present study, one- and two-step fermentation showed a similar change pattern
of total polyphenol contents (one of the most representative indicators reflecting the an-
tioxidative activity of plant extracts) in OFG and TFG. While the content in TFG slightly
increased until day 4 of fermentation and significantly decreased thereafter, that in OFG
showed an insignificant—but similar to TFG—up-and-down change pattern. Similarly,
Lee et al. [70] reported an up-and-down change pattern of the total polyphenol content
in cocoa fermentation. Moreover, Teng et al. [71] reported that polyphenol oxidase in
green tea leaves degraded the polyphenols in green tea, while Kong et al. [72] found that
the total polyphenol content in a vinegar-like fermented papaya beverage significantly
increased during fermentation. As described above, the role of microorganisms in changes
in polyphenol content appears to vary; further research is necessary to elucidate the dy-
namic nature of microbial mechanisms involved in both production and degradation (and
possibly biotransformation) of the total polyphenol content in TFG. Meanwhile, the DPPH
scavenging activity of TFG was higher than that of OFG, which may be attributable to
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the higher levels of acetic acid, lactic acid, and GABA, as described in the previous sec-
tion. Some previous studies have proven that organic acids—including acetic acid [54]
and lactic acid [56]—have DPPH scavenging activity. Another previous study [52] also
elucidated the role of GABA in elevating antioxidative activity by scavenging reactive
oxygen species. It is also worth mentioning that acetic acid has various functionalities,
such as antimicrobial [17], anti-hyperglycemic [19], antidiabetic [20], anti-hypertensive [21],
hypocholesterolemic [22], anti-obesity [23], and anti-carcinogenic [24] effects, while lactic
acid is known to confer an anti-inflammatory effect [73]. GABA also has health-promoting
activities, including antidiabetic [74], anti-depressive [75], anti-inflammatory [76], and
sleep-inductive activities [77]. Since TFG contained these bioactive compounds, and could
therefore be a novel food and/or resource for providing various health-promoting activities
(including antioxidative activity), it would be interesting for further research to prove its
practical health functions.

Several previous studies have tried to develop two-step fermentation processes to
enhance and/or provide health-promoting effects of existing or novel bioactive compounds
compared to one-step fermentation [29–31]. In the present study, as shown in Table 2, the
acetic acid content in the sample at each optimization stage of two-step fermentation was
significantly higher than that in the corresponding sample of the one-step fermentation
(p < 0.05). These results could be explained by the possibility that lactic acid—a product of
lactic acid fermentation—was used as an acetic acid precursor in the acetic acid fermen-
tation phase [78]. Alternatively, fermentation alcohol and glucose supplied as substrates
during lactic acid fermentation remained and were used for acetic acid fermentation, as
discussed above. Furthermore, throughout the lactic acid fermentation phase of two-step
fermentation, novel functionalities of GABA and lactic acid that could not be produced
in acetic acid fermentation may have been provided to the TFG (Table 2). However, con-
sidering that the content of lactic acid decreased as acetic acid fermentation progressed,
it is necessary to establish an optimal fermentation period to selectively raise the yield of
desired bioactive compounds in the future.

Based on the findings of the present study, two-step fermentation of green tea can
not only increase the content of acetic acid, but also can supplement additional bioactive
compounds, including GABA and lactic acid. Thus, compared to one-step fermentation,
two-step fermentation has the potential to further enhance the health-promoting effects
of green tea, and can therefore be of interest to academia and industry. In addition, it
is presumed that TFG containing high levels of GABA and other organic acids would
further promote human health better than OFG. It is still necessary to carry out in vivo
and clinical trials to support the results of this study—obtained through in vitro tests—for
further application to the clinical and food industries.

5. Conclusions

This study was conducted to enhance acetic acid production and/or provide additional
bioactive compounds to green tea through one- and two-step fermentation processes
using a prolific acetic acid-producing A. pasteurianus PCH 325 and optimized acetic acid
fermentation conditions (and, if necessary, GABA-producing L. brevis GTL 79 and optimized
lactic acid fermentation conditions for two-step fermentation). After applying the strain(s)
and the optimized key fermentation factors, the acetic acid content in both OFG and TFG
significantly increased, by 21.20- and 29.51-fold, respectively, compared to that in the control
for one-step fermentation. Moreover, the acetic acid content in TFG was significantly higher
(139.21%) than that in OFG. Furthermore, the lactic acid fermentation phase of two-step
fermentation led to the production of GABA and lactic acid in TFG, which could have
contributed to the higher DPPH scavenging activity of TFG (along with the higher content
of acetic acid).

Consequently, the two-step fermentation conducted in the current study was found to
provide additional bioactive compounds (i.e., GABA and lactic acid) through the lactic acid
fermentation phase, as well as to significantly increase the acetic acid content throughout
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the acetic acid fermentation phase. Therefore, two-step fermentation may be a valuable
strategy for academia and industry to enhance the functionality of green tea (or other
agricultural plants). In addition, aside from the fact that bioactive compounds produced
through the two-step fermentation or contained in green tea itself have their own well-
known functions in improving human health, clinical research may need to be conducted in
the future to determine whether OFG and TFG have significant benefits for human health.
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48. Raspor, P.; Goranovič, D. Biotechnological applications of acetic acid bacteria. Crit. Rev. Biotechnol. 2008, 28, 101–124. [CrossRef]
49. Du Preez, J.C.; De Jong, F.; Botes, P.J.; Lategan, P.M. Fermentation alcohol from grain sorghum starch. Biomass 1985, 8, 101–117.

[CrossRef]
50. Saeki, A.; Taniguchi, M.; Matsushita, K.; Toyama, H.; Theeragool, G.; Lotong, N.; Adachi, O. Microbiological aspects of acetate

oxidation by acetic acid bacteria, unfavorable phenomena in vinegar fermentation. Biosci. Biotechnol. Biochem. 1997, 61, 317–323.
[CrossRef]

51. Kim, J.-N.; Choo, J.-S.; Wee, Y.-J.; Yun, J.-S.; Ryu, H.-W. Culture medium optimization for acetic acid production by a persimmon
vinegar-derived bacterium. Appl. Biochem. Biotechnol. 2005, 123, 861–869. [CrossRef]

52. De Ory, I.; Romero, L.E.; Cantero, D. Modelling the kinetics of growth of Acetobacter aceti in discontinuous culture: Influence of
the temperature of operation. Appl. Microbiol. Biotechnol. 1998, 49, 189–193. [CrossRef]

53. Krisch, J.; Szajáni, B. Effects of immobilization on biomass production and acetic acid fermentation of Acetobacter aceti as a function
of temperature and pH. Biotechnol. Lett. 1996, 18, 393–396. [CrossRef]

54. Scalzo, R.L. Organic acids influence on DPPH scavenging by ascorbic acid. Food Chem. 2008, 107, 40–43. [CrossRef]
55. Liu, C.; Zhao, L.; Yu, G. The dominant glutamic acid metabolic flux to produce γ-amino butyric acid over proline in Nicotiana

tabacum leaves under water stress relates to its significant role in antioxidant activity. J. Integr. Plant Biol. 2011, 53, 608–618.
[CrossRef]

56. Groussard, C.; Morel, I.; Chevanne, M.; Monnier, M.; Cillard, J.; Delamarche, A. Free radical scavenging and antioxidant effects of
lactate ion: An in vitro study. J. Appl. Physiol. 2000, 89, 169–175. [CrossRef] [PubMed]

57. Kim, J.Y.; Lee, M.Y.; Ji, G.E.; Lee, Y.S.; Hwang, K.T. Production of γ-aminobutyric acid in black raspberry juice during fermentation
by Lactobacillus brevis GABA100. Int. J. Food Microbiol. 2009, 130, 12–16. [CrossRef]

58. Park, S.-B.; Han, B.-K.; Oh, Y.J.; Lee, S.J.; Cha, S.-K.; Park, Y.-S.; Choi, H.-J. Bioconversion of green tea extract using lactic acid
bacteria. Food Eng. Prog. 2012, 16, 1226–4768.

59. Zubaidah, E.; Afgani, C.A.; Kalsum, U.; Srianta, I.; Blanc, P.J. Comparison of in vivo antidiabetes activity of snake fruit Kombucha,
black tea Kombucha and metformin. Biocatal. Agric. Biotechnol. 2019, 17, 465–469. [CrossRef]

60. Lopes, D.R.; Santos, L.O.; Prentice-Hernández, C. Antioxidant and antibacterial activity of a beverage obtained by fermentation
of yerba-maté (Ilex paraguariensis) with symbiotic kombucha culture. J. Food Process Preserv. 2021, 45, e15101. [CrossRef]

61. Sreeramulu, G.; Zhu, Y.; Knol, W. Kombucha fermentation and its antimicrobial activity. J. Agric. Food Chem. 2000, 48, 2589–2594.
[CrossRef]

62. Soumahoro, S.; Ouattara, H.G.; Droux, M.; Nasser, W.; Niamke, S.L.; Reverchon, S. Acetic acid bacteria (AAB) involved in
cocoa fermentation from Ivory Coast: Species diversity and performance in acetic acid production. J. Food Sci. Technol. 2020, 57,
1904–1916. [CrossRef]

63. Juneja, V.K.; Bari, M.L.; Inatsu, Y.; Kawamoto, S.; Friedman, M. Control of Clostridium perfringens spores by green tea leaf extracts
during cooling of cooked ground beef, chicken, and pork. J. Food Prot. 2007, 70, 1429–1433. [CrossRef] [PubMed]

64. Sirk, T.W.; Brown, E.F.; Sum, A.K.; Friedman, M. Molecular dynamics study on the biophysical interactions of seven green tea
catechins with lipid bilayers of cell membranes. J. Agric. Food Chem. 2008, 56, 7750–7758. [CrossRef] [PubMed]

65. Awad, H.M.; Diaz, R.; Malek, R.A.; Othman, N.Z.; Aziz, R.A.; El Enshasy, H.A. Efficient production process for food grade acetic
acid by Acetobacter aceti in shake flask and in bioreactor cultures. E-J. Chem. 2012, 9, 2275–2286. [CrossRef]

66. Islam, T.; Diba, F.; Miah, R.; Siddiqa, A.; Azmuda, N.; Nahar, S.; Adnan, N.; Dey, S.K.; Talukder, A.A. Optimization of acetic acid
production rate by thermotolerant Acetobacter spp. Adv. Appl. Microbiol. 2017, 7, 749. [CrossRef]

67. Mangunwardoyo, W.; Hidayati, M.D. Misjiyah Influence of sucrose and Acetobacter aceti adition to acetic acid content on coconut
water vinegar. IOP Conf. Ser. Earth Environ. Sci. 2020, 458, 012015.

68. Sharafi, S.M.; Rasooli, I.; Beheshti-Maal, K. Isolation, characterization and optimization of indigenous acetic acid bacteria and
evaluation of their preservation methods. Iran. J. Microbiol. 2010, 2, 38. [PubMed]

69. Rani, K.Y.; Rao, V.R. Control of fermenters—A review. Bioprocess Eng. 1999, 21, 77–88. [CrossRef]
70. Lee, A.H.; Neilson, A.P.; O’Keefe, S.F.; Ogejo, J.A.; Huang, H.; Ponder, M.; Chu, H.S.; Jin, Q.; Pilot, G.; Stewart, A.C. A laboratory-

scale model cocoa fermentation using dried, unfermented beans and artificial pulp can simulate the microbial and chemical
changes of on-farm cocoa fermentation. Eur. Food Res. Technol. 2019, 245, 511–519. [CrossRef]

71. Teng, J.; Gong, Z.; Deng, Y.; Chen, L.; Li, Q.; Shao, Y.; Lin, L.; Xiao, W. Purification, characterization and enzymatic synthesis of
theaflavins of polyphenol oxidase isozymes from tea leaf (Camellia sinensis). LWT Food Sci. Technol. 2017, 84, 263–270. [CrossRef]

72. Kong, C.T.; Ho, C.W.; Ling, J.W.A.; Lazim, A.; Fazry, S.; Lim, S.J. Chemical changes and optimisation of acetous fermentation
time and mother of vinegar concentration in the production of vinegar-like fermented papaya beverage. Sains Malays. 2018, 47,
2017–2026.

73. Hearps, A.C.; Tyssen, D.; Srbinovski, D.; Bayigga, L.; Diaz, D.J.D.; Aldunate, M.; Cone, R.A.; Gugasyan, R.; Anderson, D.J.;
Tachedjian, G. Vaginal lactic acid elicits an anti-inflammatory response from human cervicovaginal epithelial cells and inhibits

http://doi.org/10.3390/antiox9010076
http://www.ncbi.nlm.nih.gov/pubmed/31952329
http://doi.org/10.1021/jf100199n
http://doi.org/10.1080/07388550802046749
http://doi.org/10.1016/0144-4565(85)90021-6
http://doi.org/10.1271/bbb.61.317
http://doi.org/10.1385/ABAB:123:1-3:0861
http://doi.org/10.1007/s002530051157
http://doi.org/10.1007/BF00143458
http://doi.org/10.1016/j.foodchem.2007.07.070
http://doi.org/10.1111/j.1744-7909.2011.01049.x
http://doi.org/10.1152/jappl.2000.89.1.169
http://www.ncbi.nlm.nih.gov/pubmed/10904049
http://doi.org/10.1016/j.ijfoodmicro.2008.12.028
http://doi.org/10.1016/j.bcab.2018.12.026
http://doi.org/10.1111/jfpp.15101
http://doi.org/10.1021/jf991333m
http://doi.org/10.1007/s13197-019-04226-2
http://doi.org/10.4315/0362-028X-70.6.1429
http://www.ncbi.nlm.nih.gov/pubmed/17612073
http://doi.org/10.1021/jf8013298
http://www.ncbi.nlm.nih.gov/pubmed/18672886
http://doi.org/10.1155/2012/965432
http://doi.org/10.4236/aim.2017.711060
http://www.ncbi.nlm.nih.gov/pubmed/22347549
http://doi.org/10.1007/PL00009066
http://doi.org/10.1007/s00217-018-3171-8
http://doi.org/10.1016/j.lwt.2017.05.065


Antioxidants 2022, 11, 1425 18 of 18

production of pro-inflammatory mediators associated with HIV acquisition. Mucosal Immunol. 2017, 10, 1480–1490. [CrossRef]
[PubMed]

74. Adeghate, E.; Ponery, A.S. GABA in the endocrine pancreas: Cellular localization and function in normal and diabetic rats. Tissue
Cell 2002, 34, 1–6. [CrossRef] [PubMed]

75. Bown, A.W.; Shelp, B.J. The metabolism and functions of γ-aminobutyric acid. Plant Physiol. 1997, 115, 1–5. [CrossRef] [PubMed]
76. Bhat, R.; Axtell, R.; Mitra, A.; Miranda, M.; Lock, C.; Tsien, R.W.; Steinman, L. Inhibitory role for GABA in autoimmune

inflammation. Proc. Natl. Acad. Sci. USA 2010, 107, 2580–2585. [CrossRef]
77. Harrison, N.L. Mechanisms of sleep induction by GABA. J. Clin. Psychiatry 2007, 68, 6–12.
78. Raj, K.C.; Ingram, L.O.; Maupin-Furlow, J.A. Pyruvate decarboxylase: A key enzyme for the oxidative metabolism of lactic acid

by Acetobacter pasteurianus. Arch. Microbiol. 2001, 176, 443–451.

http://doi.org/10.1038/mi.2017.27
http://www.ncbi.nlm.nih.gov/pubmed/28401934
http://doi.org/10.1054/tice.2002.0217
http://www.ncbi.nlm.nih.gov/pubmed/11989965
http://doi.org/10.1104/pp.115.1.1
http://www.ncbi.nlm.nih.gov/pubmed/12223787
http://doi.org/10.1073/pnas.0915139107

	Introduction 
	Materials and Methods 
	Acetobacter Strains Used 
	Isolation of Acetobacter Strains from Over-Ripened Fruits 
	Identification of the Selected Acetobacter Strain 
	Reference Strain Used 

	Acetobacter Strain Selection for Acetic Acid Fermentation of OFG and TFG 
	Bacterial Suspension Preparation for Acetic Acid Fermentation of Green Tea 
	Green Tea Preparation 
	Lactic Acid-Fermented Green Tea Preparation for Two-Step Fermentation 
	Optimization of Key Factors for Acetic Acid Fermentation of Green Tea with A. pasteurianus PCH 325 
	Optimization of Fermentation Alcohol Concentration 
	Optimization of Carbohydrate Type and Concentration 
	Optimization of Fermentation Temperature 

	Determination of Physicochemical and Microbial Characteristics 
	Analysis of Contents of Organic Acids and GABA 
	Analysis of Contents of Fermentation Alcohol and Carbohydrates 
	Analysis of Antioxidative Activity 
	Statistical Analysis 

	Results 
	Acetobacter Strain Selection for Acetic Acid Fermentation of Both OFG and TFG 
	Optimization of Key Factors for Fermentation of OFG 
	Optimization of Key Factors for Fermentation of TFG 
	Comparison of Bioactive Compounds and DPPH Scavenging Activity of OFG and TFG 

	Discussion 
	Conclusions 
	References

