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Abstract

Background and Aim: The development of functional kombucha beverages from herbal and
fruit substrates needs optimization of formulation to achieve a favorable balance between
physicochemical and microbiological characteristics. This study aimed to assess the effects of
different Liang tea-Siam orange (Citrus nobilis var. microcarpa) ratios on the physicochemical
and microbiological characteristics of kombucha.

Material and Methods: Randomized block design was used with six Liang tea-Siam orange
juice ratios of 100:0, 90:10, 80:20, 70:30, 60:40 and 50:50 (v/v). Kombucha was fermented
for 7 d and then pH, total dissolved solids, total titratable acidity, total phenolic content,
antioxidant activity, vitamin C, color characteristics (L*, a* and b*), symbiotic culture of
bacteria and yeast pellicle thickness and lactic acid bacteria population were assessed. Data
were analyzed using analysis of variance followed by Tukey’s honestly significant difference
test at a 5% significance level.

Results and Conclusion: As the Liang tea-Siam orange ratio shifted toward higher citrus
proportions (e.g., decreasing Liang tea content), pH progressively decreased from 3.31 to 2.96,
total titratable acidity increased from 0.54 to 1.79% and total dissolved solids increased from
9.4 to 11.9 °Brix, reflecting the combined effect of decreased Liang tea and increased citrus
content on the fermentation substrate. Total phenolic content showed a non-linear response,
increasing from 108.57 pug GAE/ml in the 100:0 formulation to a maximum of 117.41 ug
GAE/ml at 80:20 before decreasing to 104.18 ug GAE/ml at 50:50. Antioxidant activity
reached its highest value at 80:20 (85.51%), while vitamin C increased to the highest level at
50:50 (55.15 mg/100 g). The 80:20 formulation produced the thickest symbiotic culture of
bacteria and yeast pellicle (1.38 mm) and preserved a relatively high lactic acid bacteria
population (6.10 Log CFU/mI). In contrast, the 50:50 formulation demonstrated the lowest
lactic acid bacteria population (5.28 Log CFU/mI) and lesser total phenolic content and
antioxidant activity despite its highest vitamin C content. Although this did not produce the
highest value for every parameter, the 80:20 Liang tea-Siam orange ratio showed a favorable
overall profile among the treatments, combining favorable phenolic content, antioxidant
activity, microbial viability and symbiotic culture of bacteria and yeast development.
Conflict of interest: The authors declare no conflict of interest.

What is “already known”:

e Kombucha is a functional beverage containing viable lactic acid bacteria, organic acids
and bioactive compounds, and non-tea substrates such as phenol-rich leaves and fruits
have been used for its fermentation.

e Fruit addition (e.g., Siam orange juice in Liang tea kombucha) can modify pH, lactic
acid bacteria, polyphenols and sensory characteristics.

e Liang tea (a multi-herbal Indonesian tea) and Siam orange juice are sources of
antioxidant and bioactive compounds, but their combined use in kombucha has not been
systematically assessed.
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What this article adds:

o A systematic, integrated assessment of six Liang tea-Siam orange juice ratios (100:0 to
50:50) in kombucha, covering pH, total dissolved solids, acidity, phenolics, antioxidant
activity, vitamin C, color, pellicle and lactic acid bacteria.

o Higher citrus proportion lowered pH (3.31 to 2.96) and raised acidity and vitamin C,
whereas phenolic content and antioxidant activity responded non-linearly, peaking at
80:20 (117.41 pug GAE/mI; 85.51%).

e The 80:20 ratio also gave the thickest pellicle (1.38 mm) and relatively high lactic acid
bacteria (6.10 Log CFU/ml), offering a favorable overall balance rather than the highest
value for every parameter.

1. INTRODUCTION

Kombucha has emerged as a prominent functional
beverage due to its rich composition of viable lactic acid
bacteria (LAB) [1], organic acids and bioactive compounds
that contribute to various health-promoting effects,
including antioxidant, antimicrobial and gut-modulating
activities [2]. Kombucha is a fermented beverage produced
through a significant food biotechnology process that
enhances food preservation, nutritional quality and sensory
characteristics [3]. The beverage is produced by fermenting
sweetened tea with a symbiotic culture of bacteria and
yeast (SCOBY), resulting in a complex matrix of
metabolites derived from the substrate and microbial
metabolism [4]. In recent years, the global interest in
natural and functional beverages has accelerated the
diversification of kombucha substrates, particularly by
incorporating herbal and fruit-based ingredients to enhance
their nutritional and sensory qualities [1,5]. This creates
novel opportunities to investigate traditional herbal
formulations such as Liang tea in combination with Siam
orange fruits to develop innovative functional drinks.

Kombucha fermentation using ingredients other than tea
has widely been reported, including use of leaves rich in
phenols such as noni fruit, Indian gooseberry, dried
pineapple peels and cores [6-8]. Liang tea, a type of local
Indonesian tea, is receiving attention as an alternative raw
material for kombucha production. Liang tea is made from
a mixture of sappan bark (Caesalpinia sappan L.), muje
leaves (Dicliptera chinensis), oregano leaves (Origanum
vulgare), pineapple leaves (Tradescantia spathacea),
pandan leaves (Pandanus amaryllifolius) and aloe vera
(Aloe vera chinensis) [9]. Liang tea has a distinctive flavor
and high antioxidant content; thus, potentially producing
kombucha with unique taste and health benefits.

Despite this increasing interest, empirical studies on
kombucha formulated with complex herbal matrices such
as Liang tea combined with Siam orange juices are still
limited. Siam orange (Citrus nobilis var. microcarpa) juice

is a recognized source of bioactive compounds, including
ascorbic acid (vitamin C), citric acid, flavonoids (e.g.,
hesperidin and naringin) and carotenoids, which contribute
to its antioxidant capacity [27,39,40]. However, effects of
incorporating these citrus-derived bioactive compounds,
particularly from Siam orange, on key quality parameters
such as physicochemical characteristics and LAB numbers
in kombucha fermentation are not comprehensively
documented. This research builds on a previous study on
the sensory and morphological characterization of LAB in
kombucha made from a combination of Liang tea and Siam
orange juice [10,11]. Building on a previous study, this
research  simultaneously  assessed  physicochemical
responses, antioxidant activity, color, pellicle formation
and LAB counts within a formulation gradient (six
variations of the Liang tea and Siam orange juice ratio),
rather than focusing on LAB morphological characteristics
alone. This integrated approach, involving multiple
parameters and substrates, represented the novelty of this
research, compared to a previous study by the present
authors.

From a theoretical perspective, the interaction
mechanisms between herbal bioactive compounds in Liang
tea (e.g., phenolics, flavonoids and tannins) and citrus-
derived organic acids during kombucha fermentation are
not fully understood. The substrate composition plays a
critical role in investigating microbial metabolism and
synthesis of secondary metabolites, including antioxidants
and organic acids [12,13]. However, the synergistic or
antagonistic  interactions  between  plant-derived
phytochemicals and acidic fruit matrices in shaping
fermentation kinetics, SCOBY growth and metabolite
transformation are still under investigation. This theoretical
gap highlights the need of a mechanistic understanding of
multi-substrate  fermentation systems in kombucha
production.

Although previous studies have demonstrated that fruit
addition can modify the physicochemical, antioxidant and
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microbial characteristics of kombucha, most studies have
assessed conventional tea or individual fruit-based
substrates. For example, [14] reported that increasing the
proportion of yuzu juice in green tea kombucha changed
pH, LAB, polyphenols and sensory characteristics, with the
70:30 green tea-yuzu formulation showing favorable
overall characteristics. [15] investigated the effects of
multiple fermentation variables on antioxidant and
invertase activities in kombucha and demonstrated that
fermentation conditions and substrate-linked factors can
substantially affect the functional characteristics of the
beverage. However, their study focused on optimization of
fermentation variables in conventional kombucha rather
than interactions between a complex herbal substrate and
citrus juice. In the present study, the emphasis was on
substrate formulation, particularly the ratio between Liang
tea and Siam orange juice and its simultaneous effects on
physicochemical, antioxidant, color, pellicle and LAB
characteristics.

However, the effects of combining Liang tea, a multi-
herbal Indonesian beverage containing several botanicals,
with Siam orange juice during kombucha fermentation
have not systematically been assessed. In particular, there
is limited empirical information on how the proportion of
Siam orange juice simultaneously affects acidification,
soluble solids, total phenolic content (TPC), antioxidant
activity, vitamin C, beverage color, SCOBY pellicle
development and LAB viability within single fermentation
system. This represents an important research gap because
the addition of citrus juice does not necessarily produce a
linear improvement in all quality attributes; increasing fruit
concentration may simultaneously increase bioactive
compounds and acidity while imposing additional stress on
the fermentation microbiota. Therefore, an integrated
assessment is needed to identify a formulation that
provides a favorable balance among physicochemical,
functional and microbiological characteristics.

Compared with previous studies that focused on the
sensory and morphological characteristics of LAB aloneg,
the novelty of this study was in the systematic assessment
of Liang tea and Siam orange juice ratios as a multi-
substrate kombucha fermentation system and integration of
parameters including pH, total soluble solids, total
titratable acidity (TTA), TPC, antioxidant activity, color,
SCOBY pellicle characteristics and LAB counts as
Rather than assessing citrus

formulation criteria.

enrichment solely as a source of vitamin C or flavor, this
study demonstrated that the proportion of Siam orange
juice produced distinct and sometimes non-linear
responses among quality attributes. The identification of
the 80:20 Liang tea-Siam orange formulation as the
condition providing the highest antioxidant activity and
SCOBY thickness, while preserving a viable LAB
population and acceptable acidity, provides a formulation-
specific basis for further development of kombucha from
indigenous Indonesian herbal and fruit resources.
Therefore, the specific objective of this study was to
systematically assess the effects of the Liang tea and Siam
orange juice ratio on the physicochemical (pH, total
dissolved solids (TDS), TTA, TPC, antioxidant activity,
vitamin C, color, SCOBY pellicle) and LAB characteristics
of kombucha within an integrated experimental system and
to identify a formulation that provides a favorable balance
among these multiple quality attributes. This integrative,

multi-response approach assessing several
physicochemical ~and  microbiological  attributes
simultaneously  within  one  formulation gradient

distinguishes this study from previous study that has
typically assessed single substrates or isolated quality
parameters in kombucha fermentation.

2. MATERIALS AND METHODS

2.1. Kombucha Formulation

The experiment was carried out using randomized block
design (RBD) with one treatment factor or the ratio of
Liang tea infusion to Siam orange juice. Six formulation
levels were assessed, including 100:0, 90:10, 80:20, 70:30,
60:40 and 50:50 (% v/v). The formulation of the Liang tea
solution and Siam orange juice kombucha solution was
present in Table 1. Four blocks were used, with each block
representing one independently prepared batch of Liang tea
stock solution and Siam orange juice stock prepared for
that replication. Within each block, all six formulations
were prepared from the corresponding independently
prepared stocks. The six formulations were randomly
assigned to the experimental units within each block. Thus,
each block contained all six treatments, resulting in six
treatments x four blocks = 24 independent experimental
units. Each experimental unit consisted of a separate
fermentation vessel containing the assigned formulation
and was fermented independently for 7 d. The four blocks
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therefore represented independent preparation batches,
while the six formulation ratios represented the treatment
factor. The design was used to account for potential
variation within independently prepared batches while
allowing the effects of formulation to be assessed within all
blocks.

2.2. Kombucha Starter Culture

Rejuvenation
The kombucha starter culture was rejuvenated following

the procedure described by [16] . The starter was purchased
from e-commerce platforms in the form of a liquid derived
from previously fermented black tea kombucha, with a
SCOBY. A total of 2000 ml of water were brought to a boil
and then black tea with 0.5 and 10% (w/v) sugar was added.
The tea infusion was filtered and poured into a sterile glass
container. Once the tea reached room temperature (RT),
10% (v/v) kombucha starter was added to the infusion. The
container was covered with a clean cloth and secured with
a rubber band and then fermented for 14 d. After the
fermentation, the culture was harvested. Culture
rejuvenation was carried out periodically.

2.3.Siam Orange Juice Production

Siam orange (C. nobilis var. microcarpa), commercially
known as "Jeruk Siam Pontianak,” was purchased from
local growers in Kecamatan Tebas, Kabupaten Sambas,
West Kalimantan, Indonesia [17]. The production of Siam
orange juice followed a modified procedure described by
[18-20], with selection criteria, including soft texture,
shiny peel and a color ratio of 70% green to 30% yellow.
The Siam orange were washed under running water, cut in
half and squeezed using citrus juicer. The extracted juice
was filtered, pasteurized at 80 °C for approximately 10 min
and then cooled to RT.

2.4. Liang Tea Brewing Preparation

The production of Liang tea kombucha with Siam
orange juice began with the preparation of the Liang tea
infusion based on the procedure described by [9]. A total
of 500 ml of water were poured into a beaker and heated
using hotplate until the temperature reached 100 °C. Liang
tea powder, consisting of 1 g of muje leaves, 0.75 g of
pineapple shell leaves, 0.2 g of sappanwood, 0.2 g of
oregano leaves, 0.2 g of fragrant pandan leaves and 0.2 g
of aloe vera peel, was transferred into a tea bag with a total
weight of 2.55 g. The tea bag was then steeped in the hot
water while preserving the temperature for 20 min. The
resulting Liang tea infusion was filtered and poured into
sterile glass bottles.

2.4.Preparation of Liang Tea

Kombucha with Siam Orange Juice
The preparation of Liang tea kombucha with Siam

orange juice was based on a modified procedure described
by [10,21,22]. The Liang tea infusion was supplemented
with 16 g of granulated sugar in each glass bottle and
stirred until completely dissolved. The solution was then
cooled to approximately 30 °C; then, Siam orange juice
was added to the solution based on the kombucha
formulation in Table 1, with 16 g of kombucha starter
culture. The fermentation vessels were covered with a
clean cloth and secured with a rubber band. Fermentation
was carried out at RT in absence of direct sunlight for 7 d.
The resulting kombucha was then analyzed based on the
research parameters. All analyses (pH, TDS, TTA, TPC,
antioxidant activity, vitamin C, color, pellicle thickness
and LAB enumeration) were carried out immediately after
the 7-day fermentation and separation of the pellicle from
the kombucha without intermediate storage to minimize
compositional and microbial changes prior to assessment.

Table 1. Kombucha formulation of Liang tea solution and Siam orange juice

Kombucha Formulation

Ingredients

100:0 90:10 80:20 70:30 60:40 50:50
Liang tea Solution (mL) 160 144 128 112 96 80
Siam orange juice (mL) 0 16 32 48 64 80
Sugar (g) 16 16 16 16 16 16
Starter solution (mL) 16 16 16 16 16 16
Total ingredients 192 192 192 192 192 192
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2.5.Assessment of pH and Total

Dissolved Solids of Kombucha
The analyses of pH and TDS were based on [23]. A total

of 100 ml of kombucha were collected from each treatment
and acidity of the tested samples was assessed using
calibrated pH meter (AS218 Smart Sensor, Tiongkok,
China; resolution +£0.01 pH U). The TDS of the samples
were assessed using hand-held refractometer (Atago N-1E,
Tokyo, Japan; resolution +0.1 °Brix).

2.6.Assessment of Total Titratable
Acidity

The TTA was assessed using acid-base titration and
NaOH as the titrant and phenolphthalein (PP) as the
indicator, based on a method reported by [16]. Briefly, 10
ml of the sample were transferred into a 100-ml volumetric
flask and diluted to the mark with distilled water (DW).
The diluted sample was then filtered and a 10-ml aliquot of
the filtrate was transferred into an Erlenmeyer flask. Then,
2-3 drops of 1% phenolphthalein indicator were added,
followed by titration with 0.1 N NaOH until a persistent
pink endpoint was achieved for approximately 30 s. The
TTA was calculated using Eq. 1:

Total titratable acidity = VN“]fH . NN‘;?'SO);MW x 100%
sample

Eqg.1

where, Vaon Was the volume of NaOH solution, Nyaon Was
standardized concentration of the NaOH solution, Vsampie
was volume of the sample and MW was the molecular
weight of acetic acid (60.05 g/mol).

2.7.Assessment of Total Phenolic

Content
The TPC was assessed using Folin-Ciocalteu

colorimetric method according to [16], with modifications.
Gallic acid was used as the calibration standard at
concentrations of 50, 100, 150, 200 and 250 ppm. For each
standard concentration, 1 ml of solution was mixed with
0.5 ml of Folin-Ciocalteu reagent and 4 ml of 7% (w/v)
Na,COj3. The mixture was homogenized using vortex and
set to stand for 8 min at RT. Absorbance was assessed at
760 nm using UV-vis spectrophotometer. For the
kombucha samples, 1 ml of sample was treated using the
same procedure. The TPC was calculated from the Gallic

acid calibration curve and expressed as ug Gallic acid
equivalents (GAE) per ml of sample.

2.8. Antioxidant Activity Analysis

Antioxidant activity was assessed using DPPH (2,2-
diphenyl-1-picrylhydrazyl) radical scavenging method,
according to [8]with four independent biological replicates
per treatment (n = 4). Briefly, 0.2 mg of DPPH was
dissolved in 9.8 ml of ethanol p.a. to achieve a 0.052 mM
DPPH working solution. One milliliter of kombucha
sample was mixed with 3 ml of ethanol p.a. and 1 ml of
0.052 mM DPPH solution, vortexed and incubated at RT
(28-30 °C) for 30 min in dark. A negative control,
consisting of DPPH solution and ethanol without sample,
was included to represent 100% radical activity.
Absorbance was assessed at 517 nm using UV-vis
spectrophotometer. Antioxidant activity was calculated
using Eq. 2:

Inhibition (%)
control absorbance — sample absorbance

control absorbance
X 100%

Eq. 2

A sample matrix blank was not included in this assay;
this is acknowledged as a limitation, given the potential for
background absorbance from the naturally colored
kombucha samples. Antioxidant activity was expressed as
percent DPPH inhibition rather than Trolox-equivalent
units, as a Trolox standard curve was not generated in this
study.

2.9.Vitamin C Analysis

Vitamin C analysis was carried out using titration
method according to [24,25]. A 5-10 g sample of
kombucha was weighed and transferred into a 100-ml
volumetric flask and then DW was added to the mark. The
solution was filtered using filter paper or centrifugation to
achieve a clear filtrate. Then, 5-25 ml of the filtrate were
pipetted into a 100-ml Erlenmeyer flask. For dark-colored
samples, DW was added to decrease color intensity. Then,
2 ml of 1% (w/v) starch solution were added to the solution
as indicator. The sample was titrated with 0.01 N standard
iodine solution until a light blue color appeared, indicating
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the endpoint. The vitamin C content was calculated based
on the equivalence that 1 ml of 0.01 N iodine was
equivalent to 0.88 mg of ascorbic acid. As this iodometric
method is not fully specific to ascorbic acid and may be
affected by other reducing compounds present in
kombucha (e.g., polyphenols and reducing sugars), the
resulting values should be interpreted as an estimate of
titratable vitamin C-equivalent content rather than a fully
specific quantification of ascorbic acid (Eq. 3).

i i m,
Vitamin C (—g) =
100g
Volume titration (mL) xX0,88 xDilution factor

sample weight (g)
Eq. 3

2.10. Color Assessments

Color assessments (L*, a*, b*) were carried out using
chromameter method based on a procedure by [26]. The
sample was transferred into a Petri dish, then, a container
containing the sample was transferred onto the
chromameter sensor. The button on the device was pressed
to carry out the assessment and the L*, a*, b* value data
appeared on the screen. Briefly, values included L
(lightness), a* (red), and b* (yellow). The L* represented
the brightness level with a value of 0-100 (black and
white). A* represented the type of color with a negative
value for green (0-80) and a positive value for red (0-80).
B* represents the type of color with a negative value for
blue (0-70) and a positive value for yellow (0-70).

2.12. Pellicle Thickness Assessment

Pellicle thickness was assessed using digital Vernier
caliper (£0.01 mm accuracy) based on the [27] procedure.
The pellicle was carefully removed from the fermentation
media and gently blotted with filter paper to eliminate
excess liquid. The sample was then transferred onto a flat
surface and thickness was assessed by positioning it
between the caliper jaws without using excessive pressure.
Assessments were carried out at three to five different
(center and edges) to account for structural heterogeneity.
The average value was calculated and expressed as mean
+SD (standard deviation). All assessments were carried out
immediately after harvesting to avoid structural changes
due to dehydration.

2.13. Lactic Acid Bacteria

Enumeration
The LAB were enumerated using the pour plate (deep

inoculation) method on de Man, Rogosa and Sharpe (MRS)
agar (Himedia, India), as described by [23]. Serial dilutions
(1071 to 107°) of each kombucha sample were prepared
using sterile 0.85% (w/v) NaCl solution as diluent. An
aliquot of 1 ml from an appropriate dilution was pipetted
into a sterile Petri dish and approximately 15-20 ml of
molten MRS agar (cooled to ~45 °C) were poured into the
dishes and mixed thoroughly. The plates were incubated
anaerobically at 35 °C for 48 h. Colonies were counted on
plates containing an appropriate number of colonies (25—
250 CFU) and results were expressed as log CFU/ml.

2.14. Data Analysis

Data for each parameter were analyzed using analysis of
variance (ANOVA) based on a randomized block design
(RBD) (six treatments x four replications; treatment df = 5,
block df = 3, error df = 15), at 5% significance levels (o =
0.05). Standard deviations reported in all tables were
calculated from four independent biological replicates
(separate fermentation batches) rather than repeated
technical assessments of a single batch. When the ANOVA
indicated a significant treatment effect, Tukey's honestly
significant difference (HSD) test was carried out at the
same significance level to compare treatment means. All
calculations were carried out using Excel (Microsoft,
USA).

3. RESULTS AND DISCUSSION

3.1. pH

The RBD ANOVA showed that the formulation of
Liang tea kombucha with various ratios of Siam orange
juice had a significant effect on the pH of kombucha
[F(5,15) = 237.04, P < 0.0001], exceeding the critical value
[F0.05(5,15) = 2.90]. Therefore, Tukey's HSD test was
carried out at the 5% significance level. The pH results for
each treatment and the HSD test can be seen in Table 2.

Table 2 demonstrated a clear decreasing in pH as the
proportion of Siam orange juice increased in the Liang tea
formulation. The progressive acidification increased at
higher substitution levels, indicating a strong effect of
citrus-derived organic acids predominantly citric acid
(6.88—73.93 g/1), with minor contributions of ascorbic acid
and malic acid on the system [28]. The decrease in pH was
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not entirely linear, as some intermediate formulations
demonstrated statistically similar values, suggesting a
buffering interaction within the kombucha matrix at
moderate ratios, likely attributed to the weak acid-
conjugate base equilibrium between the organic acids (e.g.,
citrate/citric acid and acetate/acetic acid) in the mixture,
which temporarily stabilized proton concentration until the
buffering capacity was exceeded at higher substitution
levels [29]. In contrast, the highest incorporation level of
citrus juice resulted in a significantly lower pH and
significantly varied from all other treatments, highlighting
a threshold effect where acid contribution dominated the
fermentation environment. This pattern reflected an
increasing acidity gradient driven by formulation changes,
with statistically distinct groupings verifying that higher
citrus proportions significantly intensified acidification. In
this study, the Siam orange juice included a low pH value
(3.53-3.6). The ideal pH value of the finished kombucha
product is 2.5-4.2 [13,30]. All formulations still included
an ideal average pH.

The relatively higher pH at 100:0 (Liang tea alone) is
consistent with the mildly acidic to near-neutral profile
typically reported for herbal tea infusions [11], prior to
contribution from the further strongly acidic Siam orange
juice; the progressive acidification observed with
increasing citrus proportion therefore reflected diminishing
buffering contribution of the liang tea matrix and
increasing citric acid input from the juice. The decrease in
kombucha pH is seemingly caused by increase in acid
concentration during the fermentation process. Acids
dissolved in the solution release protons (H*), increasing
proton concentration as a result of microbial metabolic

activity within the SCOBY [31]. Yeast metabolism was
also suggested to contribute to acidification, as organic
acids produced through sucrose decomposition by
kombucha yeasts lowered the pH of their cell-free
supernatants [2]. The longer the fermentation process, the
more organic acids primarily acetic acid, with gluconic
acid, glucuronic acid and lactic acid are formed [22,32] and
the kombucha pH continues to decrease. The organic acids
in citrus fruits decrease pH of fermented kombucha. This
is consistent with research by [14], who detected that
adding a higher ratio of yuzu juice to green tea kombucha
decreased the pH of green tea kombucha. Results of this
study were similar to those of previous research by [6],
which showed that the higher the ratio of fruit juice added,
the lesser the pH of the resulting kombucha.

3.2.Total Dissolved Solids

The RBD ANOVA showed that the Liang tea-Siam
orange juice formulation significantly affected the TDS of
the kombucha [F(5,15) = 164.70, P < 0.0001], exceeding
the critical value [F0.05(5,15) = 2.90]. Therefore, Tukey's
HSD test was carried out to investigate differences within
treatment means. Results of the analysis of the average
TDS and HSD for each treatment can be seen in Table 2. It
is noteworthy that °Brix assessed by refractometry
reflected total soluble solids in the sample including sugars,
organic acids and other dissolved compounds rather than
sugar content or sweetness specifically. Therefore, the TDS
values should not be interpreted as a direct measure of
sugar concentration or perceived sweetness, which need
chromatographic sugar quantification.

Table 2. Characteristics of pH, total dissolved solid (TDS), antioxidant activity and Vitamin C of kombucha with Liang tea solution and

Siam orange juice formulation

Formulation of liang tea solution and Siam pH + SD* TDS + SD* Antioxidant Vitamin C + SD*

orange juice (%) - (°Brix) Activity + SD* (%) (mg/100 g)
100:0 3.31+0.012° 9.4+0.0122 48.78+3.50° 35.45+0.332
90:10 3.21+0.015¢ 9.740.015% 80.68+4.68° 45.18+2.15P
80:20 3.18+0.030¢ 10.0+0.030° 85.51+3.77¢ 43.73+2.86°
70:30 3.09+0.010° 10.5+0.010° 76.55+4.89°¢ 46.30+2.54°
60:40 3.04+0.013° 11.2+0.013¢ 73.35+2.27° 43.58+2.75P
50:50 2.96+0.0132 11.9+0.013¢ 70.62 +3.16° 55.15+4.51°
HSD 5% 0.04 0.34 6.84 5.45

* The data presented in the table represent the mean + standard deviation of four independent biological replicates (n = 4), each derived from a separately
fermented vessel. Values followed by the same letter indicate no significant difference based on Tukey's HSD test at the 5% significance level.

This open-access article distributed under the terms of the Creative Commons Attribution Non Commercial 4.0 License (CC BY-NC 4.0).
To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by-nc/4.0/

Raharjo and Kusuma Dewi

Appl Food Biotechnol, 2026; Vol. 13, No.1, e29(1-24)

The TDS of kombucha formulated with Liang tea
solution and Siam orange juice increased significantly as
the proportion of juice increased from 0 to 50% (9.4 £0.012
to 11.9 +£0.013 °Brix), while the 10% addition of the juice
was statistically similar to the control, indicating that a
larger juice fraction was needed before the increase in
soluble solids became analytically distinct. This pattern
was consistent with the physicochemical behavior of
citrus-based beverages because citrus juice naturally
contained appreciable soluble solids and sweeter citrus
juices tend to showed higher TDS due to their greater
natural sugar content [33]. A similar pattern was reported
in Siam orange nectar, where increasing sucrose
significantly increased TDS and greater soluble-solid
values were directly associated with higher sugar input into
the system [19].

The present increase in TDS was similar to that of
kombucha studies, showing that substrate composition
strongly assessed soluble-solids content as increasing palm
sugar concentration significantly increased bitter leaf
kombucha TDS because dissolved solids included residual
sugars and fermentation-derived compounds such as
organic acids, vitamins, pigments and proteins [34].
Evidence from pineapple-skin kombucha similarly
revealed that sucrose concentration significantly affected
TDS, whereas SCOBY concentration did not, reinforcing
that soluble-solids variation depended more on substrate
loading than inoculum level [35]. Mechanistically, this
response was possible because kombucha fermentation
depended on added carbohydrates as the principal carbon
source, with sucrose supplying glucose and fructose for
microbial metabolism, while sugar type affected
downstream metabolite formation [36,37]. Although TDS

commonly decreased during active fermentation since
microorganisms used sugar and converted it into organic
acids and other metabolites, as observed in black tea
kombucha within 14 d, the higher starting soluble-solid
contribution from C. nobilis juice appeared to outweigh
that depletion effect in the final formulation [38]. This
meant that increasing the proportion of C. nobilis juice
likely improved the beverage soluble-solids profile, which
might be associated with sugar and organic-acid
concentration. Although sweetness perception was not
assessed in this study, this suggested need to balance juice
addition with fermentation control because sugar
availability shaped sensory attributes and microbial
metabolic outcomes [33,36,37].

3.3.Total Titratable Acidity

The RBD ANOVA showed that the Liang tea-Siam
orange juice formulation significantly affected the TTA of
the kombucha [F(5,15) = 366.72, P < 0.0001], exceeding
the critical value [F0.05(5,15) = 2.90]. Therefore, Tukey's
HSD test was carried out to investigate differences within
treatment means. Results of the analysis of the average
TTA and HSD for each treatment can be seen in Table 3.

Table 3 shows that the titratable acidity increased
significantly and progressively with increasing Siam
orange juice proportion, from 0.54% £0.05 in the 100:0
formulation to 1.79% +0.02 in the 50:50 formulation,
consistent with the corresponding decrease in pH from 3.31
to 2.96, described previously. This reflected the combined
contribution of organic acids from the Siam orange juice
component, which included small initial pH (3.53-3.60)
with organic acids generated during fermentation.

Table 3. Characteristics of total titratable acidity (TTA), total phenolic content (TPC), thickness of pellicle, and lactic acid bacteria of
kombucha with Liang tea solution and Siam orange juice formulation

Formulation of liang tea solution TTA + SD* (%) TPC + SD* Thickness of pellicle Lactic acid bacteria + SD*
and Siam orange juice (%) B (ug GAE/mI) + SD* (mm) (Log CFU/mI)

100:0 0.54 +0.052 108.57+0.69° 0.25 + 0.06% 5.92 +0.25%

90:10 0.86 +0.11° 112.49+0.54¢ 0.53 +0.10® 6.16 +0.31°

80:20 1.23+0.07¢ 117.41+0.45f 1.38 +0.30° 6.10 +0.14°

70:30 1.38 +0.07¢ 115.16+0.39¢ 0.73+0.13" 5.99 £0.12°

60:40 1.60 = 0.06° 110.20+0.47°¢ 0.58 + 0.05% 5.85 + 0.24%

50:50 1.79 + 0.02f 104.18+0.43? 0.55 + 0.06® 5.28 + 0.48°

HSD (5%) 0.11 1.25 0.32 0.65

* The data presented in the table represent the mean + standard deviation of four independent biological replicates (n = 4), each derived from a separately
fermented vessel. Titratable acidity was assessed by titration with 0.1 N NaOH using phenolphthalein as an indicator and expressed as percent acetic acid
equivalent. Values followed by the same letter indicate no significant difference based on Tukey’s HSD test at the 5% significance level.
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The TTA represents the total quantity of acids able to
neutralize the titrant, including both dissociated and
undissociated species, whereas pH reflects only the activity
of free protons. This difference explains why the two
parameters responded with different magnitudes. Across
the formulation gradient, TTA increased 3.3-fold (0.54 to
1.79%, equivalent to about 5.4 to 17.9 g/l acetic acid),
while pH decreased by only 0.35 units, which corresponds
to roughly a 2.2-fold increase in H* activity. The treatment
means of TTA and pH were strongly and negatively
correlated (r = —0.98, calculated from the means in Tables
2 and 3). Organic acids in kombucha are weak acids that
dissociate only partially, and their conjugate bases (citrate,
acetate, gluconate) form buffering systems that dampen pH
change [29,31]. This was evident between the 90:10 and
80:20 formulations. Their pH values did not differ
significantly (3.21 vs. 3.18), yet TTA rose by 0.37
percentage points (0.86 to 1.23%). Total titratable acidity
therefore revealed acid accumulation that pH alone partly
masked.

Two sources likely contributed to the higher TTA. The
first was the direct acid load from Siam orange juice, in
which citric acid is the dominant acid, accompanied by
malic and ascorbic acids [28,33]. The second was acid
formed during the 7-d fermentation. Acetic acid bacteria
oxidize ethanol produced by yeasts to acetic acid and
convert glucose to gluconic acid, with glucuronic and lactic
acids as additional products [22,32,36,39]. The control
(100:0) already reached 0.54% from the tea-sugar substrate
alone, so the 1.25 percentage-point increase at 50:50
reflects both sources combined. The juice replaced part of
the Liang tea infusion and made up only about 42% of the
final volume at 50:50, so its own acids may not account for
the whole increase. The soluble solids it contributed (TDS
9.4 to 11.9 °Brix) probably also supplied glucose and
fructose as extra substrate for acid production [36,37], and
fruit-derived nutrients have been reported to support
microbial metabolic activity in kombucha [40,41]. Because
the TTA and organic acid profile of the unfermented juice
were not determined, the contribution of each source
cannot be quantified here.

Higher acidity from fruit addition has been reported in
other kombucha systems. Increasing yuzu juice in green tea
kombucha lowered pH [14], and high fruit inclusion
increased acidity and could reduce microbial sugar use in
Indian gooseberry kombucha [7]. Absolute values are

difficult to compare across studies. TTA depends on tea
type, sugar level, inoculum, temperature and fermentation
time [29,36], and it is expressed in different units (g/l or %
as acetic, citric or lactic acid equivalents). The final pH of
all formulations (2.96-3.31) remained within the 2.5-4.2
range, which is considered acceptable for finished
kombucha [13,30].

3.4.Total Phenolic Content

The RBD ANOVA showed that the Liang tea-Siam
orange juice formulation significantly affected the TPC of
the kombucha [F(5,15) = 306.12, P < 0.0001], exceeding
the critical value [F0.05(5,15) = 2.90]. Therefore, Tukey's
HSD test was carried out to investigate differences within
treatment means. Results of the analysis of the average
TPC and HSD for each treatment can be seen in Table 3.
The TPC showed non-linear response, increasing from
108.57 pg GAE/ml in the 100:0 formulation to a maximum
of 117.41 pg GAE/mI at 80:20 before decreasing to 104.18
pHg GAE/ml at 50:50, suggesting that the balance between
Liang tea phenolic contribution and the increasing
proportion of Siam orange juice, rather than citrus addition
alone, shaped the net phenolic outcome, with decreasing
Liang tea content at higher citrus ratios likely contributing
to the decrease in TPC at 50:50. The non-linear response
indicated that moderate citrus supplementation provided
further favorable condition for preserving or increasing
measurable phenolic compounds, compared to that higher
citrus proportions did. The relatively high baseline TPC
observed at 100:0 reflected the inherent phenolic richness
of Liang tea, which was formulated from multiple
botanicals with flavonoids and tannins, including sappan
bark (C. sappan), known for its brazilin and tannin contents
[9]. This might reflect the combined phenolic contribution
from Liang tea and Siam orange, with fermentation-
associated transformation of phenolic compounds by the
SCOBY microbiota. However, specific compounds and
pathways involved were not analyzed in this study [42].
Fermentation has also been reported to increase the TPC of
herbal infusions by approximately 2.1-2.5-fold in
kombucha, which was attributed to microbial enzymes
hydrolyzing complex polyphenols into simpler phenolic
compounds [13].

The TPC pattern closely corresponded with the
antioxidant activity, as the two parameters reached their
maximum at the 80:20 ratio. The 80:20 formulation
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showed the highest TPC (117.41 +0.45 ug GAE/ml) and
DPPH radical-scavenging activity (85.51% +3.77). This
similar response suggested that phenolic compounds
contributed significantly to the antioxidant capacity of the
kombucha [42,43]. A strong positive correlation between
TPC and DPPH activity (r = 0.953, p < 0.05) was likewise
reported in herbal kombucha [13]. However, antioxidant
activity was not assessed with phenolic compounds alone
because vitamin C increased progressively with increasing
Siam orange proportion, reaching its highest value at 50:50
(55.15 mg/100 g). Despite its highest vitamin C content,
the 50:50 formulation demonstrated lower antioxidant
activity (70.62%) and TPC (104.18 pg GAE/ml) than that
the 80:20 formulation did. This finding indicated that the
antioxidant response resulted from the combined
contribution of multiple antioxidant constituents rather
than vitamin C concentration alone. Studies on fermented
orange juice have similarly demonstrated that fermentation
can modify bioactive compounds and antioxidant activity,
indicating that antioxidant responses are affected by
multiple components of the fermented matrix [44,45].

The TPC response was broadly consistent with the LAB
population. The LAB were relatively high from 100:0 to
60:40, ranging from 5.85 to 6.16 Log CFU/ml, whereas the
50:50 formulation showed significant decrease to 5.28
+0.48 Log CFU/ml. The simultaneous decrease in TPC and
LAB at the 50:50 ratio occurred under the most acidic
condition, as the pH decreased progressively from 3.31 in
the control to 2.96 at 50:50 ratio. The greater acidity might
impose additional physiological stress on LAB, while
changes in the acidic environment might affect the stability
or measurable availability of phenolic compounds.
However, the effect of pH on phenolic stability is
compound-dependent and various phenolic compounds
show various responses to acidic conditions [46].
Nevertheless, this relationship should be interpreted
cautiously because the present study did not directly assess
phenolic  biotransformation or establish a causal
relationship between pH, microbial viability and TPC.

Collectively, these findings indicated that the effect of
Siam orange supplementation on kombucha quality was
not linear. Moderate supplementation, particularly at the
80:20 ratio, resulted in the highest TPC and antioxidant
activity while preserving a relatively high LAB population
and producing the greatest SCOBY pellicle thickness.
Similar observations have been reported in fruit-based

kombucha, where moderate fermentation conditions can
enhance phenolic content and antioxidant activity,
followed by decreases at later or less favorable conditions
[47]. In contrast, the highest citrus proportion (50:50)
increased vitamin C but was accompanied by lesser TPC,
antioxidant activity, LAB viability and SCOBY
development. It is noteworthy that the 80:20 formulation
did not produce the highest value for every parameter; the
LAB population was numerically highest at 90:10 (6.16
Log CFU/ml), slightly greater that the 80:20 value (6.10
Log CFU/mI). Rather than being universally optimal, the
80:20 formulation is best described as the most balanced
formulation within the treatments assessed, combining
favorable outcomes within the functional and
fermentation-linked characteristics assessed in this study.

3.5. Antioxidant Activity

The RBD ANOVA showed that the formulation of
Liang tea kombucha with various ratios of Siam orange
juice significantly affected the antioxidant activity of the
kombucha [F(5,15) = 73.80, P < 0.0001], exceeding the
critical value [F0.05(5,15) = 2.90]. Therefore, Tukey's
HSD test was carried out at the 5% level. Results of the
average antioxidant activity analysis for each treatment and
HSD test are shown in Table 2. The antioxidant activity of
kombucha formulated with Liang tea solution and Siam
orange juice increased significantly from 48.78% +3.50 in
the control to 80.68% +4.68 and peaked at 85.51% +3.77
in the intermediate formulations, then decreased to 76.55%
+4.89, 73.35% +2.27 and 70.62% +3.16 at higher juice
proportions, indicating a non-linear response; in which,
moderate juice addition produced the strongest radical-
scavenging effect. Particularly, the antioxidant activity of
the 100:0 control (48.78% +3.50) was lower than the
antioxidant activity previously reported for unfermented
Liang tea infusions prepared using similar steeping method
(60.03% by [48] 61,16% by [9]). This suggested that the 7-
d kombucha fermentation process might decrease or
transforme a portion of Liang tea native phenolic and
flavonoid antioxidant capacity, independent of citrus
contribution and highlighting that Liang tea contribution to
the final antioxidant activity was shaped by its initial
bioactive content and stability under fermentation
conditions. In contrast, fermentation increased the DPPH
activity of green tea, black tea, lemon verbena and Shirazi
thyme infusions in another study, although infusions with
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limited extraction efficiency in water-based brewing
showed comparatively weaker activity [13], suggesting
that the response depends on the substrate and its extraction
conditions. It is noteworthy that DPPH radical-scavenging
activity was included in an in vitro chemical assay
reflecting antioxidant capacity under these specific assay
conditions and should not directly be equated with
physiological health benefits, which needs bioavailability,
metabolism and in vivo or clinical evidence.

This finding aligned with evidence that citrus juices
contained antioxidant constituents such as phenols,
flavonoids and ascorbic acid, which directly contributed to
DPPH radical scavenging activity [33,49,50]. The
antioxidant activity of Liang tea kombucha formulated
with Siam orange juice could be attributed to its phenolic
compounds and vitamin C content, the two of which were
quantified as indicators of antioxidant potential in this
study. Phenolic compounds, primarily represented by
Liang tea, are widely recognized as the major antioxidant
contributors in tea-based beverages, while vitamin C
(ascorbic acid) is a well-established antioxidant compound
abundant in citrus fruits, including Siam orange (C. nobilis
var. microcarpa). The TPC values in this study, which
peaked at the 80:20 formulation (117.41 + 0.45 pug
GAE/ml), with the highest vitamin C content recorded at
the 50:50 formulation (55.15 mg/100 g), indicated that the
tea base and citrus juice contributed antioxidant-linked
compounds to the kombucha matrix. As compound-
specific  profiling (e.g., high-performance liquid
chromatography (HPLC)-based identification of individual
phenolic or flavonoid species) was not carried out in this
study, the identity of the specific phenolic compounds and
their individual contributions to the antioxidant activity
must be clarified in further studies. The initial increase was
similar to that of kombucha studies, showing that fruit
supplementation and fermentation commonly increase
antioxidant capacity by increasing total phenolics and
promoting microbial biotransformation of phytochemicals
into more active compounds [5,36,37,47,51]. This might be
explained by the antioxidant activity of kombucha affected
by the composition of bioactive compounds supplied by the
fruit substrate and microbial metabolism, while
fermentation has been reported to increase phenolic
diversity through degradation of complex compounds into
smaller antioxidant molecules [37,51,52]. As individual
phenolic and flavonoid compounds and microbial

metabolic activity were not directly assessed in this study,
this explanation should be regarded as a possible
hypothesis rather than a demonstrated mechanism.

The decrease after the formulation with peak antioxidant
activity suggested that increasing Siam orange juice did not
produce a proportional antioxidant gain, which was still
similar to that in literature because antioxidant outcomes
substrate  type, composition,
concentration, fruit maturity and assay conditions
[33,51,53]. This downward shift at higher proportions
could reflect dilution of the most favorable tea-
fermentation matrix, changes in phenolic balance or loss of
compatibility between the added citrus compounds and the
antioxidant system generated during fermentation because
citrus antioxidant capacity is strongly shaped by flavonoid
distribution and juice often shows lesser activity than that
peel or tissue extracts do [50,54]. A partially similar non-
monotonic effect appeared in citrus-enriched systems; in
which, greater C. nobilis peel addition decreased
antioxidant activity in an encapsulated beverage matrix,
showing that more citrus-derived material did not always
improve radical-scavenging performance [55]. By contrast,
several fruit-kombucha studies reported continued
increases in antioxidant activity with higher fruit levels or
appropriate fermentation, including strawberry-based,
pear-enriched, papaya leaf and fruit-flavored kombuchas.
Therefore, the present pattern was not contradictory but
rather indicated that the highest antioxidant response in
Liang tea-Siam orange kombucha occurred at an
intermediate formulation instead of the highest juice
proportion [5,47,51]. This result revealed that formulation
control was critical because moderate Siam orange addition
appeared sufficient to maximize antioxidant functionality,
while avoiding decreased efficiency at higher juice levels.

varied with matrix

3.6.Vitamin C Content

The RBD ANOVA showed that the formulation of
Liang tea kombucha with various ratios of Siam orange
juice significantly affected the vitamin C content of the
kombucha [F(5,15) = 20.70, P < 0.0001], exceeding the
critical value [F0.05(5,15) = 2.90]. Therefore, Tukey's
HSD test was carried out at the 5% level. Vitamin C content
in kombucha formulated with Liang tea solution and C.
nobilis juice increased from 35.45 £0.33 mg/100 g in 100%
Liang tea treatment to 55.15 +4.51 mg/100 g in the 50:50
formulation, while the intermediate formulations were
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statistically similar to each other, indicating that C. nobilis
juice enrichment increased ascorbic acid concentration but
produced a clearly distinct maximum only at the highest
substitution level (Table 2). This pattern was possible
because citrus fruits are recognized sources of vitamin C,
although their ascorbic acid content varies by genotype and
handling conditions [56]. The increase was similar to that
of studies, showing that fruit fortification increased vitamin
C in kombucha, as jujube supplementation increased
vitamin C from 0.25 +0.07 mg/100 ml in non-
supplemented tea to 2.9 0.4 mg/100 ml before
fermentation and up to 7.11 +0.30 mg/100 ml after
fermentation, while Citrus grandis kombucha similarly
showed measurable vitamin C after enrichment [41,57].
The present result was consistent with kombucha theory
because vitamin C is a recognized water-soluble vitamin in
kombucha and can increase during fermentation through
microbial metabolism, particularly pathways linked to
glucose conversion and acetic acid bacteria (AAB) such as
Gluconobacter [1,37,41,58].

In enriched systems, the higher vitamin C-equivalent
values might be driven by direct contribution from C.
nobilis juice; a contribution from fermentation-associated
microbial activity, as suggested by reports that added
substrates supplied nutrients that supported further
microbial production of ascorbic acid [40,41] cannot be
ruled out but was not directly evidenced in the present
study and should be regarded as a possibility rather than an
established mechanism. Given the non-specificity of the
iodometric method used, the possible effect of other
reducing compounds present in kombucha on the assessed
values should be addressed when interpreting these results.
Together, the non-stepwise pattern among the 10-40%
treatments suggested that vitamin C retention did not
depend on juice proportion alone because fermentation
time, oxygen exposure, substrate type, microbial

composition and temperature affected ascorbic acid
formation and degradation in kombucha [58,59]. This
interpretation was supported by studies showing that
vitamin C could increase early and then decrease during
storage or prolonged fermentation due to oxidation and
substrate depletion; although some matrices still showed
later increases depending on plant source and process
conditions [41,58]. A further mechanistic consideration
was that high fruit inclusion could alter fermentation
dynamics. Fruits rich in organic acids, including ascorbic
acid, increased acidity and at high proportions could
decrease microbial sugar use as reported for Indian
gooseberry fusion kombucha, which means that the final
vitamin C value reflected vitamin input and the extent; to
which, the fermentation matrix was favorable for SCOBY
activity [7]. Because vitamin C contributed antioxidant
functionality and citrus supplied bioactive flavonoids with
antioxidant relevance, the higher value in the 50:50
formulation indicated a nutritionally stronger product, but
it implied that optimization of juice levels needed
balancing vitamin enrichment with fermentation stability
and compositional changes in the beverage matrix
[37,57,60].

3.7.Color Characteristics

The RBD ANOVA revealed that the formulation of
Liang tea kombucha with various ratios of Siam orange
juice significantly affected all color characteristics of the
kombucha as L* [F(5,15) = 2627.55, P < 0.0001], a*
[F(5,15) = 106.63, P < 0.0001] and b* [F(5,15) = 293.72,
P < 0.0001], each exceeding the critical value [F0.05(5,15)
= 2.90]. Therefore, Tukey's HSD test was carried out at the
5% significance level. Results of the average color
characteristics analysis for each treatment and the HSD test
are shown in Table 4.

Table 4. Color Characteristics of kombucha with Liang tea solution and Siam orange juice formulation

Formulation of Liang tea solution and Siam

* * * 1 .
orange juice (% viv) L b AE*ab against 100:0
100:0 9.57+0.212 6.41+0.424 9.29+0.53b 0.00
90:10 12.75+0.38P 6.87+0.114 8.66+0.192 3.27
80:20 16.25+0.70¢ 4.06+0.52b¢ 11.68+0.254 7.47
70:30 18.38+0.104 4.46+0.09¢ 8.21+0.112 9.09
60:40 22.98+0.25¢ 3.67+0.23° 10.32+0.40¢ 13.73
50:50 27.01+0.59f 2.48+0.30?2 15.28+0.21¢ 18.85
HSD 5% 0.58 0.75 0.70

* The data presented in the table represent the mean + standard deviation of four independent biological replicates (n = 4), each derived from a separately
fermented vessel. Values followed by the same letter indicate no significant difference based on Tukey's HSD test at the 5% significance level.
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The color characteristics of kombucha (Table 4)
formulated with Liang tea solution and Siam orange juice
changed significantly as juice proportion increased, with
L* increasing from 9.57+0.21 to 27.01+0.59, a* decreasing
from 6.41+0.42 to 2.48+0.30 and b* increasing overall
from 9.29+0.53 to 15.28+0.21, indicating a beverage that
became lighter, less red, and further yellow as the citrus
fraction increased [61-63]. This interpretation followed
the CIELAB system, where L* represents lightness, a*
represents the red-green axis and b* represents the yellow-
blue axis, making the shift a direct indication of visual
movement to a brighter yellow-orange appearance [18,61].
The increase in lightness was consistent with the general
principle that citrus coloration is governed largely by
chlorophyll loss and carotenoid accumulation during
maturation and that citrus juice color is a major quality
attribute reflecting underlying chemical composition
[18,64]. However, chlorophyll and carotenoid content were
not directly quantified in this study and this explanation
should be regarded as a possible contributing factor rather
than a verified cause. The stronger yellowness at higher C.
nobilis levels matched citrus pigment chemistry, since
orange and yellow citrus juices contain carotenoids such as
violaxanthin, lutein, zeaxanthin, B-cryptoxanthin and B-
carotene, which are principal contributors to yellow-orange
color [65-67]. This result therefore agreed with pigment
theory showing that natural fruit pigments, especially
carotenoids, flavonoids and anthocyanidins, investigate the
attractive color of fruits and beverages and are central to
consumer-visible appearance [68-70].

The total color difference (AE*) was calculated relative
to the control (100:0 formulation) using CIE76 formula of
AE* = \[(AL*)2 + (Aa*)2 + (Ab*)2]. The AE* values
increased progressively with increasing Siam orange juice
proportion from 3.27 in the 90:10 formulation to 18.85 in
the 50:50 formulation. While the minimum substitution
level (90:10, AE* = 3.27) was less than this threshold and
therefore further appropriately described as a significant
but not distinctly perceptible color change, consistent with
the classification criteria of [71]. The AE* values
exceeding 3.5 are generally perceived by the human eye as
a distinctly different color; therefore, all formulations
containing > 20% Siam orange juice (AE* > 7.47)
demonstrated a visually distinguishable color shift,
compared to the control. This verified that the
incorporation of Siam orange juice induced a perceptible

alteration in the visual appearance of the kombucha, with
the magnitude of this alteration becoming distinctly
perceptible only at substitution levels of 20% Siam orange
juice or higher. This also verified that the incorporation of
Siam orange juice induced a significat perceptible
alteration in the visual appearance of the kombucha,
consistent with the shift to higher lightness (L*) and
yellowness (b*) values, described previously.

The decrease in a* suggested that increasing Siam
orange juice decreased the relative red-brown intensity
contributed by the Liang tea matrix, which was consistent
with kombucha evidence, showing that the substrate
composition strongly shifted color coordinates and that
fermentation or ingredient substitution could decrease
redness while increasing lightness [62]. A similar
substrate-driven response was reported in coffee-flavored
kombucha; where, higher coffee concentration decreased
luminosity and increased a* and b* as well as in orange-
peel kombucha; where, orange peel addition darkened the
beverage and altered all CIELAB values significantly.
These verified that beverage color depended strongly on
the nature and level of added plant material rather than
fermentation alone [26,72]. The present pattern was
therefore not contradictory to earlier kombucha studies;
however, it differed in direction because C. nobilis juice
supplied a lighter yellow matrix, whereas coffee and
orange peel contributed darker brown or orange-brown
pigments [26,64]. The non-monotonic fluctuation in a* and
b* within intermediate formulations might reflect complex
interactions citrus  carotenoids, tea-derived
polyphenols, oxidation and fermentation-linked pigment
transformation since fruit color development and stability
are regulated not only by inherent pigment composition but
also by light, temperature, pH, developmental stage and
processing conditions. As pigment composition and
oxidative changes were not directly assessed in this study,
this was a suggestion rather than verified explanation
[69,70,73,74]. This mattered technologically because color
was the first sensory attribute affecting acceptance and
beverages with further intense, uniform and visually
appropriate yellow-orange tones attracted consumers,
making the higher-L* and higher-b* formulations
potentially further appealing if the flavor profile was still
acceptable [69,75,76].

within
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3.8.Thickness of Kombucha Pellicle

The RBD ANOVA showed that the formulation of
Liang tea kombucha with various ratios of Siam orange
juice significantly affected pellicle thickness [F(5,15) =
30.53, P < 0.0001], exceeding the critical value
[F0.05(5,15) = 2.90]. Therefore, Tukey's HSD test was
carried out at the 5% significance level. Results of the
average thickness of kombucha pellicle analysis for each
treatment and the HSD test are shown in Table 3.
Kombucha formulations were prepared from various ratios
of Liang tea solution and Siam orange juice (100:0, 90:10,
80:20, 70:30, 60:40 and 50:50) and their effects on pellicle
formation were assessed. The upper panel shows the visual
appearance of the kombucha and pellicle layer, while the
lower panel presents the assessed pellicle thickness (Figure
1).

Based on Table 3 and Figure 1, the kombucha pellicle
thickness varied significantly within Liang tea and Siam
orange juice formulations, with the 80:20 ratio producing
the thickest pellicle (1.38 mm =0.30), significantly higher
than the other treatments. However, the 100:0 formulation
yielded the thinnest pellicle among kombucha treatments

*

100:0 % 90:10 %

80:20 %

70:30 %

(0.25 mm %0.06). This result indicated that moderate citrus
supplementation promoted pellicle formation. However,
further increases in citrus proportion did not sustain that
effect, as thickness decreased at 70:30 to 50:50. It is
noteworthy that pellicle thickness is a macroscopic
physical assessment and does not verify the extent of
bacterial cellulose synthesis, its purity and crystallinity or
the specific activity of Komagataeibacter spp., as this
study did not include direct cellulose quantification (e.g.,
dry weight or compositional analysis) or microbial
identification. The following discussion of underlying
microbial and biochemical mechanisms is therefore present
as a possible interpretation based on the literature, not as a
finding directly demonstrated by the present data. Pellicle
formation in kombucha is generally attributed in the
literature to bacterial cellulose synthesis by AAB,
particularly Komagataeibacter spp. [77-81]. Since
microbial community composition was not assessed in this
study, this is a possibility rather than demonstrated
explanation. The greater pellicle thickness at 80:20 might
reflect further favorable substrate balance for the yeast-
AAB consortium [23,79,80].

Kombucha
solution

60:40 %

50:50 %

Figure 1. Kombucha formulation of Liang tea solution and Siam orange juice and the resulting pellicles
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This result was similar to results of studies reporting that
pellicle growth responded strongly to fermentation
conditions and microbial abundance rather than occurring
uniformly within substrates. Kombucha biofilm developed
progressively as cellulose and microbial biomass
accumulated and thickness increased as the layered
structure matured [79]. Studies that manipulated
fermentation conditions showed that greater microbial
growth was accompanied by greater pellicle biomass,
supporting the interpretation that the 80:20 formulation
better supported the cellulose-producing consortium [82].
Substrate composition was critical because kombucha
fermentation increasingly used alternative raw materials
and optimization of process variables was essential for
maximizing SCOBY cellulose production and improving
biofilm characteristics [77,78,83,84]. The decrease in
pellicle thickness at higher citrus levels likely reflected
acid and antimicrobial stress from the juice matrix. During
kombucha fermentation, pH decreased as organic acids
accumulated and excessive acidification could alter
microbial ecology and inhibit growth of parts of the
consortium [23,79]. The antimicrobial effect of kombucha
has been linked to its low pH and organic acids, as
neutralized kombucha lost its inhibitory activity against
Clostridium sporogenes [2].

Citrus juice contained inhibitory compounds and studies
in orange juice and lemon juice showed that acidic
conditions and antimicrobial constituents such as citric and
phenolic acids suppressed bacterial survival or decreased
microbial populations [85-87]. This suggested mechanism
might explain why adding citrus juice could stimulate
cellulose  formation by contributing fermentable
components, while excessive addition likely created a
harsher environment that limited AAB performance and
decreased pellicle development. As microbial community
composition, fermentable component levels and
antimicrobial constituents were not directly assessed in this
study, this explanation should be regarded as a hypothesis
rather than a demonstrated mechanism. This interpretation
is broadly consistent with evidence that closely linked
AAB:S that differed in cellulose yield and stress tolerance,
which has been reported to affect biofilm robustness and
pellicle thickness under variable fermentation conditions
[80,81].

The finding included practical implications for
formulation design. As a macroscopic proxy, greater

pellicle thickness is often associated in the literature with
further extensive cellulose accumulation and could suggest
further favorable conditions for the cellulose-producing
consortium and greater potential cellulose yield for
downstream use without direct verifications. Verifying this
association needs direct cellulose quantification (e.g., dry
weight or compositional analysis), which was beyond the
scope of this study [88,89]. Additionally, known difficulty
of achieving uniform SCOBY thickness suggested that the
significant superiority of the 80:20 treatment was
technologically relevant because formulation control could
help stabilize pellicle development and improve process
consistency [78,89].

3.9.Lactic Acid Bacteria Count

The RBD ANOVA showed that the formulation of
Liang tea kombucha with various ratios of Siam orange
juice significantly affected the LAB count of kombucha
[F(5,15) = 4.97, P = 0.007], exceeding the critical value
[F0.05(5,15) = 2.90], although the effect was
comparatively weaker than those for other parameters.
Therefore, Tukey's HSD test was carried out at the 5%
significance level. Results of the average LAB colony
count of kombucha analysis for each treatment and the
HSD test are shown in Table 3.

The LAB population of kombucha ranged from 5.28 to
6.16 Log CFU/mI, depending on the proportion of Liang
tea-Siam orange juice (Table 3). The highest numerical
LAB population was observed in the 90:10 Liang tea-Siam
orange formulation (6.16 +0.31 Log CFU/ml), followed by
the 80:20 (6.10 +0.14 Log CFU/ml) and 70:30 (5.99 +0.12
Log CFU/ml) formulations. However, these three
formulations were not significantly various from each
other. The 100:0 and 60:40 formulations, with respectively
LAB populations of 5.92 +0.25 and 5.85 +0.24 Log
CFU/ml, showed intermediate responses and were
statistically similar to the higher and the lower treatment
groups. In contrast, the 50:50 formulation demonstrated the
lowest LAB population (5.28 £0.48 Log CFU/mI) and was
significantly lower than the formulations assigned to the b
group. These results were similar to those reported by [14],
showing that the LAB counts for the green tea and yuzu
juice formulations were 5.40 Log CFU/mI (100:0), 5.48
Log CFU/mI (70:30), 5.45 Log CFU/ml (50:50) and 5.13
Log CFU/ml (30:70). LAB populations of herbal
kombucha in another study ranged from approximately 10*
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to 10° CFU/mI, and the differences among studies were
attributed to sweetener amount, infusion type, initial
inoculum and fermentation conditions [13].

Results indicated that a moderate ratio of Siam orange
juice did not adversely affect LAB viability, whereas the
shift to higher citrus and correspondingly lower Liang tea
proportions might alter the substrate conditions relevant to
LAB viability, through the increasing acidity from citrus
and decreased availability of Liang tea-derived
compounds. The relatively stable LAB population from the
90:10 to 60:40 formulations suggested that LAB were still
viable over a relatively broad range of Liang tea-Siam
orange ratios. The comparatively high LAB count at lower
citrus proportions might reflect a fermentation substrate
further favorable to LAB growth in the presence of Liang
tea-derived compounds such as the flavonoid content of
217.28 mg QE/g and polyphenol content 97.58 mg GAE/g
[9] . In contrast, the significant decrease at the 50:50 ratio
might be associated with further acidic fermentation
environment generated by the higher proportion of Siam
orange juice. In the present study, the pH decreased
progressively as the proportion of Siam orange juice
increased, reaching the lowest value in the 50:50
formulation. The higher acidity might impose greater
physiological stress on LAB and consequently decrease
their viability. Acidic fruit-juice matrices could impose
acid stress on LAB and affect their survival and metabolic
activities, although the magnitude of this effect depended
on the LAB strain and characteristics of the food matrix
[1,45,90]. The survival of probiotic cultures in plant-based
matrices depends on pH, food matrix composition, strain
and storage conditions [1]. This threshold-like response
suggested that the effect of citrus enrichment on LAB
viability in kombucha might depend on the proportion of
citrus incorporated into the fermentation matrix, rather than
following a simple linear relationship [91].

3.10. Limitations

Several limitations of this study should be
acknowledged. First, no matrix blank was included in the
DPPH assay and background absorbance from the naturally
colored kombucha samples could not fully be excluded.
Second, pellicle thickness was used as a macroscopic proxy
for bacterial cellulose formation and SCOBY development,
because dry weight or compositional analysis of the
cellulose was not carried out and the microbial community

was not characterized at the species level (e.g., molecular
identification of kombucha yeasts using 1TS/18S rRNA
sequencing [2]); this interpretation is inferential rather than
directly demonstrated. Third, °Brix (TDS) values reflect
total soluble solids rather than sugar concentration
specifically and sensory assessment of sweetness was not
carried out. Fourth, the experimental design of a
formulation gradient of Liang tea to Siam orange juice was
not structured as a factorial design and therefore could not
directly assess synergistic or antagonistic interactions
between the two substrates; such interactions discussed
should be regarded as hypotheses for further factorial
studies rather than verified effects. Ultimately, all
fermentations were carried out under a set of
environmental conditions using one production batch of
Liang tea and Siam orange juice per replicate and the
findings should be validated within multiple production
batches and, where relevant, pilot or industrial-scale
conditions before broader generalization.

The formulation selection in this study was further
supported by a complementary descriptive sensory
assessment of similar six formulations, reported separately
[11]. This study showed that overall consumer preference
did not differ significantly within formulations (P > 0.05,
Kruskal-Wallis), remaining within the 'slightly like to like'
range (2.70-3.27) within all treatments, while color, taste
and fizziness increased significantly with citrus proportion
(P < 0.05). This indicated that the 80:20 formulation was
not sensorially superior but was accepted comparably to
the other formulations, supporting its identification as the
formulation showing a favorable overall profile within the
treatments.

4. CONCLUSION

Proportion of Siam orange juice significantly affected
the physicochemical characteristics of pH, TDS, TTA,
TPC, Vitamin C content, antioxidant activity, color,
pellicle thickness and LAB count of Liang tea kombucha.
Increasing citrus juice proportion progressively decreased
pH (from 3.31 to 2.96) and correspondingly increased TTA
(from 0.54% +0.05 to 1.79% +0.02), while TDS and
vitamin C content increased and color characteristics
shifted to higher lightness and yellowness. In contrast, TPC
and antioxidant activity demonstrated a non-linear
response, the two reaching their maximum at the 80:20
Liang tea-Siam orange ratio (TPC = 117.41 #0.45 pg
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GAE/ml; antioxidant activity = 85.51% +3.77) before
decreasing at higher citrus proportions. A similar
formulation also produced the thickest SCOBY pellicle
(1.38 mm +0.30), whereas LAB populations were
statistically similar to those formulations containing up to
40% citrus juice but decreased significantly at 50% citrus
juice. It is noteworthy that the 80:20 formulation did not
produce the highest value for every parameter: titratable
acidity and vitamin C content increased monotonically and
were highest at 50:50, while LAB population was
numerically highest at 90:10. Rather than being universally
optimal, the 80:20 formulation was best described as the
formulation showing a favorable overall profile within the
treatments, offering favorable outcomes within phenolic
content, antioxidant activity, pellicle development and
LAB viability under the highlighted conditions. Although
titratable acidity data verified the overall extent of
acidification within formulations and supported the pH-
based interpretation of the fermentation process, this
assessment reflected the combined concentration of all
titratable organic acids and did not distinguish between the
individual acid species such as acetic, citric, gluconic and
lactic acids. Similarly, TPC assessed by the Folin-
Ciocalteu assay reflected the combined reducing capacity
of phenolic and other reducing compounds rather than the
concentration of specific phenolic species.

Further studies incorporating organic-acid profiling and
phenolic compound identification, for example via HPLC,
are recommended to identify the specific acids and
phenolic compounds responsible for the acidification and
antioxidant patterns and to further clarify their
relationships with the sensory and microbiological
characteristics of the kombucha. Because the study
assessed a fermentation time and selected quality
parameters,  further research  should investigate
fermentation kinetics, microbial community composition,
organic acid and phenolic profiles, sensory acceptance and
storage stability before broader product developments.
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