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Kombucha is a symbiotic culture of bacteria and yeast which produces a high-end fruity fitness beverage by fermentation of
normal tea for approximately two weeks. In addition to the advantage of being a low-sugar probiotic-rich drink, kombucha also
offers the benefits of the tea used for its preparation, especially its high antioxidant content. In this research, kombucha tea was
prepared by using three different tea types: green, black, and pu’er tea, and the chemical profiles and antioxidant activity were
analyzed during the fermentation process (up to 20 days). The results showed that the tea type has an obvious influence on the
factors associated with the antioxidant potential. The fermentation process caused a marked increase in polyphenol content and
antioxidant activity initially, but this slowed progressively over time. In contrast, the fermentation of black tea contributed to the
degradation of flavonoids but showed no significant effect on the other tea types. Therefore, we conclude that the tea type selected

to make kombucha affects the end product as well as the fermentation time.

1. Introduction

Fermentation is a process that involves the breakdown of
sugars by bacteria and yeast and helps to enhance food
preservation. Fermenting of foods or beverages can also
boost the number of beneficial bacteria or so-called pro-
biotics. Kombucha (tea mushroom or tea fungus) is a
beverage traditionally produced using a home-scale fer-
mentation technique, made by adding a symbiotic culture of
bacteria and yeast (SCOBY) to a solution of tea and sugar, a
process referred to as backslopping. Kombucha has a dis-
tinctive taste which is a perfect balance between acidic,
fragrant, and fruity. With the ever-increasing interest in the
functional food movement and research into gut health,
kombucha has gained rapid popularity around the world
[1, 2]. The beneficial effects of kombucha tea, such as its
antimicrobial, antioxidant, anticarcinogenic, antidiabetic,
anti-inflammatory, and cholesterol reducing properties,
have been documented in some studies [3, 4]. The oxidation
of polyphenols during fermentation by the microbial
communities existing in the SCOBY leads to the formation
of compounds with health benefits for needy people [5].

There are key process parameters known to influence
kombucha’s bioactives and flavor quality, including fer-
mentation time, the microbial composition of the SCOBY
starter, sucrose concentration, and temperature [6-8].

The most characteristic microbes in kombucha fer-
mentations are yeasts and acetic acid bacteria (AAB). Lactic
acid bacteria (LAB) are usually not detected in kombucha,
but addition of LAB enhances its biological functions under
laboratory conditions [9]. Several symbiotic and competitive
relationships exist within the kombucha microbial ecosys-
tem. When the sucrose substrate for a kombucha fermen-
tation is hydrolyzed into glucose and fructose by an
extracellular invertase enzyme secreted by yeast cells, the
concentrations of glucose and fructose increase. The acetic
acid bacteria convert this glucose into gluconic acid and
glucuronic acid and a low pH environment results. Yeasts
appear to stimulate the production of glucuronic acid by
AAB. Glucose and fructose are fermented by yeasts into
ethanol, carbon dioxide, and glycerol, and the ethanol
produced by yeasts is used by the AAB for the production of
acetic acid, which can further stimulate the production of
ethanol by yeasts. The acetic acid bacteria also produce a
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cellulose pellicle which leads to biofilm formation on the
surface of the fermenting liquor. Thus, because of the
consumption of oxygen by the microorganisms in the
zoogleal mat and the liquor, a more anaerobic environment
might arise with low substrate concentrations and a high
enough acidity to inhibit pathogen growth. As mentioned
above, it is apparent that the fermentative process will exert a
considerable influence on the final microbial community
and therefore on the metabolite composition of kombucha.
However, few studies have investigated the influence of tea
types on the dynamics of the kombucha microbial ecosystem
throughout the fermentation process as well as on the final
metabolite concentrations, and further research is needed.
Therefore, the purpose of this research was to understand the
chemical profile and antioxidant activity of kombucha
prepared from black, green, and pu’er teas at different times
during the fermentation process.

2. Materials and Methods

2.1. Fermentation of Kombucha. Three types of leaf tea,
green, black (Ten Ren Tea Co., Ltd., Taipei, Taiwan; website:
https://www.tenren.com.tw), and pu’er tea from Yunnan
Xiaguan Tuocha (Group) Co., Ltd., China (website: http://
www.xgtea.com) were used in this study, together with
commercially available kombucha starter cultures, also from
Taiwan. The starter cultures were stored in a refrigerator (4°C
and —80°C) and each consisted of sour broth and a cellulosic
layer (SCOBY floating on the liquid surface). The condition
of fermentation was determined according to previous
studies with minor modifications [10, 11]. Sucrose (10% w/v)
was added to deionized water just after it had boiled for
15min. Ten grams of tea (10.0 g/L, 1%) was added, steeped
for 15 min, and filtered using a sterile sieve [10]. The tea was
then cooled to 25°C, and 500 mL of tea was aliquoted into a
750 mL glass bottle (previously sterilized at 121°C for
15min). The tea broth was inoculated with 15g of fresh
starter culture that had been cultured in the same medium
for 14 days, and the bottle was capped. Each sample was
manually shaken prior to aliquoting 20 mL into test tubes.
Three replicates were prepared for each fermentation time
point and samples were completely used for measurements
after each stipulated period of fermentation. Fermentation
was carried out by incubating the kombucha culture at 28°C
for 20 days and samples were analyzed every four days. Thus,
a total of 18 samples for each tea type were used. The
chemical profile and antioxidant activity of kombucha
prepared from the different types of leaf teas were filtered
and analyzed.

2.2. Total Polyphenol Content. The polyphenol content of
the kombucha was measured using Folin-Ciocalteu reagent
[12]. Amounts of 250 yL of kombucha tea, 125 uL of 50%
Folin-Ciocalteu reagent (Sigma, Saint Louis, MO, USA),
and 250 uL of 95% ethanol were mixed, and the mixture was
incubated in the dark at room temperature for 5min.
Thereafter, 250 uL of 5% sodium carbonate was added, and
the mixture was incubated in the dark at room temperature
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for 60 min. A blue molybdenum-tungsten complex was
formed and its absorbance at 725 nm was measured using a
microplate reader (Multiskan; ThermoFisher Scientific,
Waltham, MA, USA). Total polyphenol content (TPC) was
calculated by comparing the substance to standard gallic
acid and was expressed as milligrams of gallic acid per
milliliter of kombucha tea (mg gallic acid/mL kombucha
tea).

2.3. Total Flavonoid Content. Determination of total flavo-
noid content was conducted following Habibi et al. [13].
Appropriate dilutions of kombucha tea were mixed with
sodium nitrite, then reacted with aluminum chloride. The
absorbance of the solution was measured immediately at
415 nm using a microplate reader and the flavonoid content
was measured from a calibration curve, created using
quercetin solution in methanol. The total flavonoid content
(TFC) was expressed as mg quercetin equivalents/mL
kombucha tea.

2.4. Antioxidant Activity Using the Ferric Ion Reducing Power
Method. A ferric ion reducing power (FRAP) assay was
performed following Benzie and Strain [14], to determine
the total reduction potential. An amount of 100uL of
kombucha was mixed with 700 4L of FRAP working solu-
tion, prepared by mixing a 10:1:1 solution of 0.3 M acetate
buffer, 10 mM TPTZ solution in 40 mM HCI, and 20 mM
ferric chloride. After 60 min under dark conditions, the
absorbance at 593nm was measured using a microplate
reader. The FRAP antioxidant activity was determined from
a calibration curve using ferrous sulfate as a reference
standard.

2.5. Antioxidant Activity Using the 2,2-Diphenyl-1-picrylhy-
drazyl Radical Method. A 2,2-diphenyl-1-picrylhydrazyl
radical (DPPH) assay was performed according to Chu and
Chen [15]. The reduction percentage of the DPPH radical
was calculated to evaluate the antioxidant activity of the
kombucha. The liquid layer (250 L) was mixed with 500 yL
of 0.2-mM DPPH solution (dissolved in methanol). The mix
was vortexed and then incubated for 30 min at room tem-
perature in darkness. The reaction tubes were centrifuged
(13000 rpm, 1 min) and 200 uL samples of the supernatant
were transferred into 96-well plates to measure absorbance
at 517 nm (A517) using a microplate reader. The reduction
percentage of the DPPH was calculated using the following
equation:

1 — A517 (sample)
A517 (blank)

x 100%. (1)

2.6. Statistical Analysis. Fluctuations with incubation time
of the four indicators (TPC, TFC, FRAP, and DPPH) used to
quantify the chemical profile and antioxidant activity were
statistically analyzed. General linear mixed models were
used considering each of the indicators from the tea type to
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be the response variable, the day of incubation to be the fixed
factor variable, and the experimental replication to be the
random factor. The significance of the fixed factor variable
was determined using a likelihood ratio test with compar-
ison of the full model and that removed the fixed effect term.
Post hoc tests were conducted using a Tukey-adjusted
pairwise comparison.

To further compare the derivation efficiency of the
SCOBY in different tea types with different initial
chemical compounds, discrepancy of the values between
the tea incubated with the SCOBY on the initial day (day
0) and that for 12 days of incubation were compared.
Although the experiments were terminated after 20 days
of incubation, the microbial community in kombucha is
known to be well structured within two weeks [10, 16]. In
the present study, fluctuations in the chemical content
(particularly of TFC and FRAP) also displayed an obvious
turning point at 12 days of incubation (see results). Thus,
we calculated the discrepancy using the following formula:
(Vi2=V)I(Vi,+ V), where V, represents the value on
day 12 and V, the value on day 0. Multiple comparison of
the discrepancies among the tea types was conducted
using the Student’s t-test with Bonferroni correction for p
values.

Correlation of fluctuations of the indicators were ex-
amined using the Spearman rank correlation. Because the
biochemical fermentation processes may have slowed down
by the 12 day, correlation analysis mainly considered the
values measured during the first 12 days, also showing the
results for the data collected on the 16™ and 20™ day of
fermentation.

The statistical analyses were conducted using the basic
functions, and Ime4, multcomp, and Hmisc packages in R
[17].

3. Results

3.1. Kombucha Tea and Pellicle Appearance Varies among
Teas. Kombucha tea was prepared from green, black, and
puer teas using 1% (w/v) tea leaves and 10% (v/v) fer-
mentation broth in the preparation of SCOBY as a starter
culture (Figure 1(a)). After 20 days of fermentation, the
surface was smooth, uneven, or with holes or bubbles. The
black tea kombucha had a dark-brown color, whereas the
green and pu’er tea kombuchas displayed a color somewhere
between a tan brown and a creamy white. During the fer-
mentation period of kombucha preparation over 8-12 days,
a thin layer of SCOBY grew across the top of the liquid. This
layer is sometimes called a pellicle and comprises a cell mass
to which bacteria and yeasts are attached (Figure 1(b)). In
the green tea kombucha, the structure of the pellicle was
thick and flat, indicating that this treatment had the thickest
surface layer. In addition, we found that this type of
kombucha consistently showed an uneven SCOBY growth
and formed an uneven pellicle from side-side measurements
(Figures 1(c)-1(e)), with differences in wall thicknesses in
different regions of up to ~2-3cm. This uneven SCOBY
growth was also observed in some of the black tea kombucha
bottles.

3.2. Chemical Changes during Kombucha Tea Fermentation.
During the 20 days of kombucha fermentation, the TPC in the
kombucha prepared from green, black, and pu’er teas was
measured every four days (Figure 2; Table 1). The initial TPC
varied among the tea types and was the highest in the green
tea and lowest in the pu’er tea. The three tea types showed
similar fluctuations in TPC, where the amounts increased
over time and stabilized after incubation for 4-8 days.
However, the TPC in the green tea kombucha decreased
slightly between days 12 and 16 and increased on day 20. The
effects of fermentation on TPC were greatest in the pu’er tea,
followed by the black tea and the green tea (Figure 2).

In contrast to the TPC, the TFC was constant or decreased
over time (Figure 3; Table 1). The initial TFC was the highest in
the black tea kombucha, decreasing progressively to the lowest
value on the 12 day of fermentation, whereas it was more
constant in the green and pu’er teas. The effect of fermentation
on the TFC was relatively distinct in the black tea, whereas a
discrepancy value close to 0 (Figure 3), indicated that fer-
mentation scarcely affected the TFC in the green and pu’er tea
kombuchas.

3.3.  Antioxidant  Properties of Kombucha Teas.
Fermentation significantly improved the antioxidant activity
in the kombuchas, as reflected by both indicators. The FRAP
showed the highest value after fermentation for 12 days in all
three tea types (Figure 4; Table 1). A sharp decline in FRAP
(almost to the initial activity level) occurred between days 12
and 16, followed by an increase on day 20. Across the 20-day
fermentation period, the FRAP values were highest in the
black tea and lowest in the green tea kombucha, whereas the
SCOBY effect on FRAP was highest during fermentation of
the green tea (Figure 4).

The pattern of DPPH fluctuation was similar to that of
the TPC fluctuation, where the DPPH values increased over
time and stabilized after fermentation for 4-8 days (Figure 5;
Table 1). The DPPH value was initially the highest in the
green tea kombucha, whereas the effect of fermentation on
green tea DPPH was the lowest among the three tea types.
The trend in DPPH values in the black and pu’er tea
kombuchas was similar.

3.4. Statistically Significant Correlation between Kombucha
Tea Parameters. Fluctuations of the values which were
significantly correlated with each other are shown in Table 2.
For the values determined during the first 12 days of fer-
mentation, fluctuations in TPC and FRAP, as well as in
FRAP and DPPH, displayed positive correlative relation-
ships in all three tea types, whereas TPC and DPPH were
positively correlated for most of the tea types, with the
correlation marginally significant in the pu’er tea kombucha.
The TFC fluctuation was correlated with all the examined
indicators only in the black tea kombucha. Most of the
values measured from 16 to 20 days of fermentation were not
correlated with each other. This may be caused by the
different biochemical processes taking place in late fer-
mentation, or the small number of data points, as the ex-
periment was terminated on day 20.
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FIGURE 1: Appearance of kombucha prepared from green tea, black tea, and pu’er tea (from left to right) at the beginning of the fermentation
process (a) and after 12 days of fermentation (b). After 20 days of fermentation, the kombucha tea prepared from black tea showed a dark-
brown color, whereas the kombucha tea that was prepared from the green tea and pu’er tea displayed a color between tan brown and creamy
white ((c) green tea; (d) black tea; (e) puer tea).
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FIGURE 2: Total polyphenol content (a) and discrepancy value (b) during fermentation of kombucha prepared from green, black, and pu’er
teas. Different letters indicate significant differences between the tea groups (p <0.05).
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TaBLE 1: The effect of fermentation time on the chemical profile and antioxidant activity of kombucha beverages produced using green,

black, and pu’er teas.

Chemical properties Tea types d.f. X2 p value
Chemical amount
Green 5 52.053 <0.001
TPC Black 5 65.884 <0.001
Puer 5 58.531 <0.001
Green 5 19.524 0.002
TFC Black 5 37.553 <0.001
Pu’er 5 5.610 0.346
Antioxidant properties
Green 5 36.301 <0.001
FRAP Black 5 55.261 <0.001
Pu’er 5 51.935 <0.001
Green 5 87.719 <0.001
DPPH Black 5 73.830 <0.001
Pu’er 5 81.981 <0.001

TPC: total polyphenol content; TEC: total flavonoid content; FRAP: ferric ion reducing power assay; DPPH: 2,2-diphenyl-1-picrylhydrazyl radical assay; d.f.,

degrees of freedom; X2, chi square statistic for likelihood ratio test.
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FiGure 3: Total flavonoid content (a) and discrepancy value (b) during fermentation of kombucha prepared from green, black, and pu’er
teas. Different letters indicate significant differences between the tea groups (p <0.05).

4, Discussion

Fermenting beverages have traditionally been an effective
way to provide flavors and vital nutrients for daily intake,
and fermentation is thus rapidly rising in popularity.
Kombucha stands out among such fermented beverages and
its production has seen exponential growth across the globe
[1]. It is usually made from black tea, but other types of
kombucha prepared from different tea variants are be-
coming increasingly available [10, 11]. However, many teas
do not contain enough of the compounds needed to brew
kombucha successfully. Previous studies have investigated
the microbiological content and antibacterial properties of
kombucha in detail [3, 18]. However, there is insufficient

research on the use of other tea types and their influence on
kombucha health benefits and microbial dynamics. Con-
sequently, we conducted this study which investigated
kombucha production using different tea types frequently
consumed in Taiwan for the preparation of kombucha and
analyzed the chemical content and antioxidant potential in
relation to the time of fermentation.

The predominant phytochemicals in beverage tea in-
clude catechins, theaflavins, and thearubigins, which are
substances that contribute to the health benefits of tea
consumption [19]. The polyphenol oxidase released during
oxidation can initiate polymerization and oxidation of the
catechins to theaflavins and thearubigins [20, 21]. In this
study, the antioxidant activity was found to be positively
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related to the TPC, and this may be caused by scavenging
reactive oxygen and nitrogen species and chelating redox-
active transition metal ions [22]. Despite that polyphenols
could be consumed during these processes, we found that
the TPC increased progressively with the duration of fer-
mentation in all types of kombucha. The highest

concentration was observed in the green tea, which also
showed the highest radical scavenging activity as indicated
by the DPPH values. This TPC increase could be explained
by acid hydrolysis and the microbial biotransformation of
condensed phenolic components [23, 24]. Prior to fer-
mentation, the green tea was found to possess the highest
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TaBLE 2: Statistically significant correlations (r) between param-
eters determined for kombucha fermented from different types of

tea.
Kombucha Green tea Black tea Pu’er tea
Days 0-12
FRAP TEC FRAP
(r=0.72)** (r=-0.73)"* (r=0.71)**
DPPH FRAP
TPC vs. (r=0.79)** (r=0.76)**
DPPH
(r=0.83)**
Day 12-20
NA NA NA
Days 0-12
TPC
NA (r=-0.73)"" NA
FRAP
(r=—0.78)"**
TFC vs. DPPH
(r=-0.60)*
Days 12-20
FRAP
(r=0.82)""" NA NA
Days 0-12
. _ e TPC
TPC (r=0.72)** TPC (r=0.76) (r=070)""
DPPH TEC DPPH
FRAP vs. (r=0.69)* (r=-0.78)** (r=0.66)"*
DPPH (r=0.60)*
Days 12-20
TEC DPPH
(r=—082)""  (r=-082)" NA
Days 0-12
. PO FRAP
TPC (r=0.79)** TPC (r=0.83) (r—0.66)"
FRAP (r=0.69)* TFC (r=-0.60)*
DPPH vs. FRAP (r=0.60)*
Days 12-20
FRAP
NA (r=—0.82)°" NA

TPC: total polyphenol content; TFC: total flavonoid content; FRAP: ferric
ion reducing power assay; DPPH: 2,2-diphenyl-1-picrylhydrazyl radical
assay. *p value <0.05, **p value <0.01, and ***p value <0.001.

TPC, whereas the pu’er tea showed the lowest content of
polyphenol products. Fermentation of pu’er tea also showed
significantly higher efficiency in polyphenol conversion than
in the other two tea groups even though it had the lowest
TPC after the fermentation process. Ripened pu’er tea is
processed in a special way to encourage microbial fer-
mentation after the leaves are made by steam-compression
process. Consequently, the polyphenol oxidases are inacti-
vated by heat and the polyphenols in pu’er tea are oxidized
mainly by the reaction of microorganisms [25]. It is gen-
erally believed that the older the pu’er tea, the higher its
commercial value. However, it has been reported that
storage time has a minor influence on phenolic compounds
and antioxidant and anticancer activities of this tea [26].
Puer tea has attracted much attention in the field of food
science due to its many bioactive constituents that have
identified health benefits [27]. Thus, the development of a

blend and common recipe for brewing kombucha including
a combination of green and pu’er teas appears to be a
worthwhile subject for future investigation.

Flavonoids are phenolic compounds and these plant
secondary metabolites are widely distributed in most plant
foods and tea leaves, where the levels of flavonoids vary
among different types of tea. Flavonoids are considered to be
strong antioxidants, and flavonoid consumption can assist
humans to ward off the effects of toxins from everyday foods
[28]. Studies have found that regularly drinking tea that
contains these compounds is associated with reduced risk of
cardiovascular disease [29]. In our study, we found flavo-
noids present in large quantities in the black tea but less in
the green and pu’er teas. However, our findings showed that
the fermentation process contributed to the degradation of
this compound in the black tea, but there were no significant
changes in the other two tea types. The highest concentration
of flavonoids in the black tea subjected to fermentation was
observed on the first day; thereafter, the flavonoid content
decreased with time. This result is consistent with earlier
research on kombucha tea fermentation [11, 16], and to-
gether these findings suggest that some microbial species in
kombucha SCOBY are involved in the conversion of fla-
vonoids during fermentation; however, more research is
needed to determine this [30].

The different types of tea, green, black, and pu’er tea,
used in this study did affect the growth of the SCOBY.
During the fermentation period, the zoogleal mat formed
earlier in the green tea kombucha than in that prepared from
the black and pu’er teas. After 20 days of fermentation, the
thickness of the floating cellulose pellicle was similar in the
three types of kombucha, but that formed in the green tea
kombucha consistently had an uneven thickness. Whereas
the green tea showed the most significant antioxidant ac-
tivity in the DPPH assay, the same tendency in DPPH ac-
tivity was observed for kombucha prepared from all three tea
types, indicating that the fermentation process had an im-
pact on the increase in antioxidant properties; however, the
potential decreased regardless of the tea type with duration
of fermentation. Fermentation time had an effect on the
decrease in reductive properties and the highest reductive
potential was observed for kombucha after 8 days of fer-
mentation. A positive correlation was also found between
the reductive potential (FRAP) and polyphenol content
during the first 12 days of fermentation. Thus, we also found
a positive correlation between TPC and DPPH, but not in
the pu’er tea kombucha. It is worth noting that, due to the
differences in the antioxidant potential determined using the
FRAP and DPPH methods, the green tea kombucha showed
the lowest FRAP assay value, even though we found it to be
the only group to show a significant effect index. The
mechanisms that support antioxidant reactions with free
radicals include single electron transfer (SET) and hydrogen
atom abstraction (HAT). Examples of SET-based assays
include DPPH and FRAP (as used in our study) in which the
ionization potential of the antioxidant is the most important
energetic factor in evaluating the antioxidant action [31].
The main difference between these two methods is that the
former uses the free electron transfer reaction, but the latter



utilizes metal ions for oxidation. It has been reported that
high-pigmented and hydrophilic antioxidants are better
reflected by ABTS, a HAT-based assay, than by the DPPH
method [32]. In contrast, the FRAP method is basically a
hydrophilic antioxidant assay and does not respond to li-
pophilic antioxidants very well [33]. Furthermore, the FRAP
assay does not detect antioxidant compounds containing
functional group [34]. Thus, in several studies where anti-
oxidant activity of kombucha beverages derived from dif-
ferent tea types has been determined, varying relationships
have been observed between the values derived using these
two methods [11, 16, 35]. Therefore, further study is needed
to compare the efficiency of these assays to estimate anti-
oxidant activities and their correlations with the presence
and amounts of compounds (e.g., total phenolics) involved
during kombucha fermentation. Finally, it appeared to have
a growth in fluctuations between the days 12 and 20 in the
results of the FRAP assay. Similar findings were also revealed
by other researchers [11]. As we mentioned earlier about
TPC results, these fluctuations could be explained by the
microbial biotransformation of related components. Further
identification and research on high-throughput sequencing
of microbial community during the fermentation can help to
figure out the mechanisms behind these changes.

5. Conclusions

From the present study, we can conclude that the tea type
used to make kombucha influences the end product as well
as the fermentation time. The obtained findings showed
differences in the chemical profile and antioxidant activity of
the kombucha beverage derived from green, black, and pu’er
teas. The results have shown that the fermentation process
caused a marked increase in polyphenol content and anti-
oxidant activity initially, but this slowed progressively over
time. However, the fermentation of black tea contributed to
the degradation of flavonoids but showed no significant
effect on the other tea types. Therefore, this type of study will
be useful for industry to promote probiotic beverage
products.
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