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by-product. In this study, a GC-MS based approach in combination with
preliminary in vitro biochemical analyses was used to investigate the
metabolic profiles, especially the antioxidant compounds during the
fermentation of waste tea infusion. Waste tea infusion was found to be rich
in xanthosine, the precursor of caffeine while the fermented sample was seen
to be rich in more bioactive components derived from the substrate
compounds i.e., xanthosine and sucrose. In addition, GC-MS based
metabolomics and proposed biosynthesis pathway of metabolome was
identified which suggest the later breakdown of xanthosine and other
substrate components into microbial metabolites during post-fermentation
process. These findings are expected to be useful for further studies on
production of bioactive formulations from tea waste.
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Over the past few decades, sustainability and the concept of sustainable development
are considered as the main issues that have been underlined by scientists, researchers and
policy makers at the national and international levels. Valorization of food waste by different
methods and their effects on the sustainability of food production are today’s main topic for
the scientific community. Some focus on the recovery of the value-added compounds from
food waste, while others try to convert the waste into processed materials to bring out an
economy from it. Biovalorization of food waste is an economical and environmental
approach, which can reduce the problems regarding conventional disposal.

Regarding tea waste, a large amount of bio-wastes are produced before production
(agricultural or tea garden wastes) and during production (tea factory wastes), distribution
(transport), processing, and consumption (made tea waste or infusion) across tea growing
regions and the world. Previously, recycling of tea waste for extraction of caffeine was
demonstrated by Shalmashi et al. and Khan et al. which is now considered as a method of
waste recycling by many tea factories (1,2). Biochar of tea factory waste has been valorized
previously by researchers. By using pyrolysis method, biochar is reported to be produced from
tea which is used as a source of energy (3). Conversion of renewable resources into value-
added products like bioenergy is one of the growing concerns of bioeconomy strategy where
biomethane production from tea wastes by anaerobic digestion is also an important approach
as reported by Gozde (4). Moreover, tea waste has been characterized as a novel adsorbent
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for toxic pollutants and metals from aqueous wastes. Removal of toxic pollutants such as
copper and chromium ions, lead ions, other heavy metal ions, zinc ions, dyes, phenol (p-
nitrophenol), antibiotics, benzene from wastewater by using black tea waste is reported (5,6).
This paper describes a novel use of food biotechnology to valorize wastes of tea
manufacturing factories (commercially unused manufactured tea). Previous reports on
richness of caffeine and other nutrients in tea waste and recovery of value-added compounds
lead us to prepare a novel bio-based material through using food biotechnology. Kombucha
fermentation process is dependent on symbiotic metabolic relationship between bacteria and
yeasts (7-9). The beverage is reported to be fermented by a symbiotic consortium of acetic
acid bacteria (Acetobacteraceae) and osmophilic yeasts (10). SCOBY or symbiotic colony of
bacteria and yeasts is actually a biofilm that floats on the fermented broth of kombucha by
forming a cellulose pellicle. This biofilm is produced by the microbial colony involved in
kombucha fermentation (11). The dominant bacteria in the system are Gluconobacter and
Komagataeibacter (or Gluconacetobacter) as reported by Marsh et al. with various other
organisms identified as Komagataeibacter xylinus, Komagataeibacter intermedius,
Komagataeibacter rhaeticus, Komagataeibacter saccharivorans and Komagataeibacter
kombuchae (11). The yeast species in the system are even more variable, and can include
yeasts like Zygosaccharomyces, Candida, Torulaspora, Pichia, Brettanomyces/Dekkera,
Schizosaccharomyces, and Saccharomyces (12). All of these microorganisms involved in
kombucha fermentation uses tea infusion and sugar as substrate from broth to produce
secondary metabolites through microbial fermentation pathway. However, studying the
microbial ecosystem was not a part of this research as it is already well established by various
scientific communities. In this research, our intention was to produce a value-added probiotic
health drink or by-product from tea waste. Moreover, after brewing kombucha from waste
infusion, some biochemical analysis were assessed to characterize infusion and its fermented
form where special insights was given on in vitro antioxidant activity and GC-MS analysis.

Fresh and dry tea waste (Figure 1) was collected from the CTC (or crush-tear-curl, a type
of processed black tea) tea manufacturing factory of Jayantika Tea Estate, Darjeeling
(26°32'06.0"N, 88°16'18.0"E). Infusion of tea waste (WTI) was prepared following the
conventional method of making black tea infusion. One litre of hot water (freshly boiled) was
poured over 10 g of fresh CTC tea waste to steep and covered for 15 minutes and strained
thereafter to prepare infusion of WTI (Figure 1).
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Following the conventional kombucha brewing method waste tea kombucha or WTK
was prepared (with slight modifications) (8,9). Following the conventional methodology
standardized by of Majumder et al. (9), for every one litre batch of kombucha (or WTK), 100
ml (or 10% v/v) of starter and 60 g (or 6% w/v) of white sugar (as nutrient for microbes
involved in kombucha fermentation) were added in sterilized glass jars filled with freshly
prepared and cooled (at room temperature) WTI. Mouths of the jars were covered with
sterilized muslin cloth. Following the standardized protocols, jars containing kombucha
fermentation broth were left undisturbed for fifteen days in a dark room at 25°C temperature
for incubation (Figure 1). To brew the first batch of waste tea kombucha, fresh kombucha
(normal black tea kombucha) was used as a starter. But, after that, continuous batches of
waste tea kombucha (WTK) were produced (for generations) by using starter from the
previous batch (WTK), just to decrease the exposure of black tea kombucha components in
WTK prior for a genuine metabolomics. After brewing a total of five generations, WTK (for
analysis) was collected from batches prepared at the last generation.

Qualitative detection tests for bioactive components like tannin, coumarin, cardiac
glycoside, terpenoid, flavonoid, phenol, protein, reducing sugar, starch, steroid, saponin,
alkaloid and caffeine in WTI and WTK were assessed after following protocols demonstrated
by Majumder et al. (13,14). pH was monitored on both samples to investigate the changes in
acidity of the broth between initiation (WTI) and termination (WTK) of fermentation process.
It was determined using a pre-calibrated pH meter (13). Result is given as means of a total of
five replications.

Antioxidant activity by DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging
assay was conducted following the protocol developed to analyze kombucha (13,14). To 2800
ul of the methanol solution of 0.2 mM DPPH (SRL, India), 200 pl of WTlI and WTK samples were
added and incubated at room temperature for 20 minutes in the dark. Absorbance was
measured at 517 nm by UV-Vis spectrophotometer (Agilent). Ascorbic acid was used to
prepare the standard curve to quantify the antioxidant value. Results of DPPH scavenging
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activity were expressed as AAE or ascorbic acid equivalent (mg AAE/ ml). Result is given as
means of a total of five replications.

Metabolite profiling of WTI and WTK were done following the method of GC-MS
analysis of beverages as developed by Majumder et al. (15). Methanolic (50%) extracts were
prepared by dissolving 1 ml (WTI and WTK) of each sample overnight in 1 ml of methanol
(Merck). Methanol was used for extraction because it is the widely used solvent for extraction
of bioactive substances and polarity of methanol as an organic solvent is very close to water
and edible alcohols (primary solvent of any beverage). GCMS-QP2010 Plus (Shimadzu Co.,
Japan) was used in this analysis. DB-5 fused-silica capillary column (0.25 pm thick, 0.25 mm of
internal diameter and 30 m of length) was fitted. 1 pl of each sample with a split ratio of 20:1
was injected (injection temperature was 260°C). Interface and source temperature was set to
270°C and 230°C respectively. Helium was used as carrier gas. Total flow rate was 16.3 ml/min
and column flow rate were 1.21 ml/min. Mass spectra were recorded at 5 scan/sec with a
scanning rate of 40-650 m/z. After comparing the spectral configurations obtained with that
of available mass spectral databases (NIST08s.LIB and WILEY8.LIB), compounds were
identified. The chromatogram (TIC or Total lon Chromatogram) is based on the intensity of
fragments produced by the ionization. Quantification of the amount (area %) of each
compound was done on the basis of peak areas. The data obtained from GCMS analysis were
further studied from available reported documents in search for their bioactivities. Study on
biosynthesis pathway of the metabolome was conducted on components of WTl and WTK by
following GC-MS based metabolomics (16,17). Available scientific literature was studied to
find probable biosynthesis pathways of WTI and WTK metabolites. KEGG pathway database
(18) was used as reference to study biosynthesis pathways of WTI and WTK metabolomes.

Qualitative detection tests revealed presence of bioactive components like tannin,
coumarin, cardiac glycoside, terpenoid, flavonoid, phenol, protein, reducing sugar, steroid,
saponin, alkaloid and caffeine in samples. Interestingly, phenol, flavonoid, cardiac glycoside,
protein and saponin were detected high in WTK compared to WTI while reducing sugar,
alkaloid and caffeine which was found high in WTI but low in its fermented form (WTK). Starch
was found absent in both samples. Slight presence of tannin, coumarin, and terpenoid were
detected in both samples. Both samples were found to contain a huge amount of steroid as
sharp and thick reddish brown rings were developed in both test tubes as a result of this
gualitative detection test. Interestingly, decrease of caffeine correlates some previous
hypothesis reported by researchers (7,9,13,19) where withdrawal of caffeine from tea during
kombucha fermentation is suggested. A heat-map (Figure 2) regarding this experiment has
been provided as a representative of the result.
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Acidity was also found to be increased after WTK fermentation. pH was determined as
5.6£0.1 for WTI while WTK was more acidic with pH 3.910.1. Increase in acidity during
kombucha fermentation was previously described in many research papers where production
of organic acids like acetic acid by kombucha fermenting acetic acid bacteria
(Acetobacteraceae, Gluconobacter and Gluconacetobacter) was marked as a reason behind it
(10,12). Further GC-MS analysis was carried out to evaluate these differences observed
between WTI and WTK through preliminary tests.

DPPH assay for free radical scavenging activity is considered as the widely used and one
of the most successful indicators of antioxidant property. It is used to explore the capability
of scavenging or neutralizing free radicals exhibited by any biochemical extract that is
dissolved in polar solvents. The result of this assay simply showed that fermented samples,
i.e., WTK has a huge free radical scavenging activity compared to the control (WTI). Ascorbic
acid standard curve was also prepared to quantify the antioxidant activity by comparing it
with the equivalent amount of ascorbic acid needed to scavenge the same. In result, it was
found that DPPH scavenging activity shown by WTK, 0.459+0.0124 mg AAE/ ml, was nearly
double of that shown by WTI (0.288+0.015 mg AAE/ ml). This difference in antioxidant
property between both samples was previously reflected in results of qualitative tests (as
bioactive group of molecules were detected more in WTK than WTI) and further justified by
GC-MS analysis. Presence of many anti-oxidative molecules in the fermented sample was
revealed after metabolite profiling which is discussed below.
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As a result, chromatographs of both samples undergone GC-MS analysis have been
provided in Figure 3. Chromatogram showing fourteen peaks for twelve different components
for WTI (Table 1) was mainly occupied by purines like caffeine (5.19%) and its precursor
xanthosine (68.89%) while the kombucha (WTK) was rich in derivatives of bioactive
fermented metabolites (Table 2) like pyruvic acid; glycerol; acetic acid; valeraldehyde; 1,3-
propanediol; desulphosinigrin; octose and y-butyrolactone along with some amount of sugar
derived non-fermented products (due to non-enzymatic browning or sugar caramelization)
like 2-cyclopenten-1-one and 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one (DDMP).
Small amount of caffeine was also detected in WTK (with a peak area of 1.03% only) which
was again correlated with the results of previous studies and preliminary tests of this research
as described earlier. A total of twenty two different components were detected in WTK
where, excluding fermented metabolites and non-fermented sugar derivatives, nine
compounds, i.e., caffeine, sitosterols, derivatives long chain fatty acids and (Z,Z)-3,9-cis-6,7-
epoxy-nonadecadiene were found to be directly derived from components of control (WTI)
without major changes in chemical structure by fermentation or other reaction. Moreover,
among the common compounds, (Z,Z)-3,9-cis-6,7-epoxy-nonadecadiene is reported as an
insect pheromone which (derived from tea waste) can be a semiochemical directly derived
from tea plant as it shows insect attracting properties (20).
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Components of waste tea

Peak index Retentiontime Area% s (Al Type of compound
1 15.9 68.89 Xanthosine Precusor of alkaloids
2 18.616 1.04 Octadecanal Fatty acid derivatve
3 20.36 5.19 Caffiene Alkaloid
4 20.789 1.09 Stearic acid methyl ester Fatty acid derivatve
5 22.215 2 13-Hexyloxacyclotridec-10- Enone

en-2-one
6 22.42 1.28 Linolelaidic acid, methyl Fatty acid derivatve
ester
7 22.48 6.41 Petroselinic acid methyl Fatty acid derivatve
ester
8 22.712 0.73 Stearic acid methyl ester Fatty acid derivatve
9 24.116 2.41 (2,2)-3,9-cis-6,7-epoxy- Semiochemical/
nonadecadiene pheromone
10 24.236 1.19 Lauric acid, chloride Fatty acid derivatve
11 25.716 3.35 1-oleoylglycerol Fatty acid derivatve
12 26.169 1.1 Dinonyl Phthalate Phthalate
contamination
13 31.972 0.81 beta-Sitosterol Steroid (phytosterol)
14 36.289 4.53 beta-Sitosterol Steroid (phytosterol)
Peak index Retentiontime Area% Comlf:r:eb:ishzf(\/\v(/a;x tea Type of compound
4.499 13.65 Pyruvic acid, methyl ester Pyruvates
2 6.051 1.02 Pyruvic acid, ethyl ester Pyruvates
3 7.234 13.52 2-Cyclopenten-1-one, 2- Enone
hydroxy-
4 7.474 2.17 2-Cyclopenten-1-one, 2- Enone
hydroxy-
5 8.886 6.18 2-Hydroxy-gamma- Lactone
butyrolactone
6 9.619 4.28 Glycerol Triose Sugar Alcohols
7 9.942 5.06 Acetic acid, propyl ester Monoarboxylic acid
8 10.417 3.63 Valeraldehyde Saturated fatty
aldehyde
9 11.407 0.91 4H-Pyran-4-one, 2,3- Glycoside (saponin)
dihydro-3,5-dihydroxy-6-
methyl-
10 13.083 2.15  Acetic acid, 2-methylpentyl Monoarboxylic acid
ester
11 14.315 1.09 Octose Monosaccharide
12 16.288 30.86 1,3-Propanediol, 2- Glycol (glycerol
(hydroxymethyl)-2-nitro- derivative)
13 18.288 9.54 Desulphosinigrin Glucoside
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14 20.322 1.03 Caffeine Alkaloid

15 20.783 0.22 Palmitic acid methyl ester Fatty acid derivatve

16 22.484 1.74 Petroselinic acid methyl Fatty acid derivatve

ester
17 24.123 0.56 (2,2)-3,9-cis-6,7-epoxy- Semiochemical/
nonadecadiene pheromone
18 24.48 0.13 Palmitic acid, 16-hydroxy-, Fatty acid derivatve
methyl ester

19 25.334 0.27 1-oleoylglycerol Fatty acid derivatve

20 25.72 0.44 1,3-dioleoylglycerol Fatty acid derivatve

21 26.167 0.16 Bis(tridecyl) phthalate Phthalate
contamination

22 31.982 0.2 beta-Sitosterol Steroid (phytosterol)

23 36.301 1.17 gamma-Sitosterol Steroid (phytosterol)

Regarding bioactive major compounds of WTK, derivatives of pyruvic acid, glycerol, 1,3-
propanediol, acetic acid, valeraldehyde, 2-cyclopenten-1-one, y-butyrolactone etc. are
common fermented products of alcoholic beverages and other alcoholic beverages but
desulphosinigrin (9.54%) is a very rarely reported fermented product whose metabolic
pathway was needed to study from available documents to assure its biosynthesis as a WTK
metabolite. Furthermore, GC-MS peak reports and other details (like chemotaxonomy) which
are not completely described in the text, are given in Table 1 and Table 2.

GC-MS metabolite profiling strongly suggests that only xanthosine, detected major
component of WTI (not detected in WTK) and added sugar (sucrose) were gone through
several enzymatic breakdowns during kombucha production to produce fermented
metabolites and non-fermented sugar derivatives in WTK. Complete utilization of the major
compound by WTK’s fermenting microbes and breakdown into bioactive molecules also
increased the acceptability of waste tea infusion as a productive substrate for fermentation
of beverages. Furthermore, detailed metabolomics through studying biosynthesis pathways
of detected metabolites are discussed below.

Study of GC-MS based metabolomics on a developed food or beverage product is always
challenging as different biological metabolic pathways get involved. To study biosynthesis
pathway of WTK metabolomes from substrate or sugared WTI, a detailed background was
investigated where biosynthesis or occurrence of metabolites present in substrate (here WTI)
before fermentation, biosynthesis of secondary metabolites (here metabolites of kombucha
microbes) during fermentation and changes of substrate components after fermentation as
detected in WTK, were involved.

According to the results of metabolite profiling of WTI, xanthosine (68.89%) was
detected as the major compound of substrate which was not further detected in WTK
suggesting complete breakdown of the compound after kombucha fermentation. Moreover,
xanthosine is the precursor of another substrate metabolite (also detected in WTK), i.e.,
caffeine. Xanthosine is produced through the purine metabolic pathway (21) and also through
the pentose phosphate pathway. Presence of a good amount of purine (in the form of tea’s
signature purine caffeine) in tea waste was earlier established by many biochemists (1,2). So,
detection of the compound in WTI brings no confusion regarding its occurance in the tea
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waste infusion. But, the presence of the alkaloid (xanthosine) as a major compound (in WTI)
may depend on a lot of factors. The processed tea wastes are actually composed of stalks,
hard leaves, stems, and other fiber rich parts of a tea plant whose detailed metabolomics has
not been studied earlier (22). According to principle of metabolism, an organism’s metabolism
is the sum of all the chemical reactions that occur within the organism. There are two types
of such reactions i.e., anabolism (building large molecules that cells need) and catabolism
(breakdown of large molecules). Similarly, a specific metabolic pathway of an organism is
comprised of both anabolism and catabolism reactions occurring in different organs or
regions of an organism. So, if any specific organ of an organism biosynthesizes metabolites of
a specific metabolic pathway, then it is natural when those metabolites or other metabolites
of the same pathway are found in another organ of that organism. This is why the occurrence
of huge amount of alkaloid precursor xanthosine in a fibrous part of tea plant is valid because
teais a major source of another metabolite of the same pathway, i.e., methylxanthine alkaloid
caffeine. However, compound xanthosine is a nucleoside which is basically made up of
xanthine (a purine base) and ribose (a 5-carbon sugar) and has the possibility to be broken
down into those compounds. Results of metabolite profiling (complete breakdown of
xanthosine in WTK) also supports this because all the fermentation derived components have
possibilities to be derived from both xanthine and ribose as described below.

Based on metabolomics, components derived from GC-MS analysis were divided into
three sub-groups based on their occurrence in samples (Table 2). These are, fermented
products or probable metabolites of kombucha fermenting microbes (derivatives of pyruvic
acid, glycerol, acetic acid, valeraldehyde, 1,3-propanediol octose, desulphosinigrin and y-
butyrolactone); non-fermentation sugar derived compounds (derivatives of 2-cyclopenten-1-
one and DDMP) and substrate derived metabolites (derivatives of caffeine, petroselinic acid,
palmitic acid, Z,Z-3,9-cis-6,7-epoxy-nonadecadiene, 1-oleoylglycerol, 1,3-dioleoylglycerol, B-
sitosterol, y-sitosterol).

In this subgroup, common components of both samples have been arranged that are
directly derived only from the substrate WTI (with or without necessary chemical changes
during extraction). These are derivatives of caffeine; petroselinic acid; palmitic acid; (Z,Z)-3,9-
cis-6,7-epoxy-nonadecadiene; 1-oleoylglycerol and 1,3-dioleoylglycerol and sitosterol, where
caffeine; petroselinic acid; (Z,Z)-3,9-cis-6,7-epoxy-nonadecadiene; and 1-oleoylglycerol were
completely identical. Among these compounds, caffeine was a major compound of the
substrate WTI (5.19%) whose precursor has also been detected as described above.
Furthermore, derivatives of even chain fatty acids like stearic acid (C1s fatty acid), petroselinic
acid (Cas fatty acid), linolelaidic acid (Cis fatty acid), lauric acid (C12 fatty acid), octadecanal
(derived from Cys fatty acid) and 1-oleoylglycerol (a oleic acid/ Cis fatty acid derivative) etc.
were clearly detected in WTI. So, presence of derivatives of even chain fatty acids like
petroselinic acid (Cis fatty acid), palmitic acid (Cis fatty acid), 1-oleoylglycerol or 1,3-
dioleoylglycerol (oleic acid/ Cis fatty acid derivatives) in the fermented broth (WTK) brought
no confusion regarding metabolomics. According to GC-MS based metabolomics, these
compounds arrived in the tea factory’s post-manufacturing waste as phytochemicals from the
tea leaf itself because caffeine, fatty acid and steroid biosynthesis pathways are very common
for tea plants.
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Fermented products or metabolites of kombucha fermenting microbes detected in GC-
MS analysis are known to be biosynthesized during glucose or ribose fermentation (mainly
glycolysis and pentose phosphate pathway) however other microbial metabolic pathways
(18) were also involved in biosynthesis of WTK major bioactive compounds like
desulphosinigrin, valeraldehyde and octose. Derivatives of glycerol i.e., glycerol and 1,3-
propanediol, 2-(hydroxymethyl)-2-nitro-; acetic acid (acetic acid, propyl ester and acetic acid,
2-methylpentyl ester); pyruvic acid (methyl pyruvate and ethyl pyruvate); valeraldehyde; and
y-butyrolactone (2-Hydroxy-y-butyrolactone) etc. were simply produced from sucrose
(substrate) derived glucose and WTI (substrate) derived ribose by microbial sugar
fermentation following glycolysis and pentose phosphate pathway respectively (23) as shown
in Figure 4. Following the steps of glycolysis pyruvic acid (major WTK compound occupying a
total of 14.97% peak area) was produced which further produced acetic acid (total 7.21%)
and entered into the TCA cycle. In the TCA cycle, succinic acid is an intermediate which is
converted into y-butyrolactone by the enzyme y-lactonase. Derivative of y-butyrolactone (2-
Hydroxy-y-butyrolactone) is another major compound (6.18%). y-Butyrolactone is a very
common major wine component responsible for the unique flavour of red wine (24).
Glycolysis derived triose sugar alcohol or glycerol and its derivative 1,3-propanediol, detected
as 1,3-propanediol, 2-(hydroxymethyl)-2-nitro- (30.86%), the major bioactive compound of
WTK, which is also reported as sugar fermentation components. 1,3-propanediol which was
previously reported as a fungal fermentation metabolite (25). So, this compound of WTK was
definitely derived from sugar fermentation and produced as a secondary metabolite of
kombucha fermenting microbes. Components like desulphosinigrin (a glucosinolate) and
valeraldehyde are reported to derive from amino acids and there were two probable sources
in the substrate from where amino acids (precursors of desulphosinigrin and valeraldehyde)
were biosynthesized, these are; amino acid biosynthesis pathway derived from 3-
phosphoglycerate (glycolysis intermediate) and glycine, serine and threonine metabolism
derived from substrate compound xanthosine. Both of the pathways are clearly depicted in
Figure 4. Interestingly, occurrence of desulphosinigrin as a fermented product is rare and
which is though previously reported in some fungal fermentation broths (26—28). According
to Vinothkanna et al., this is found as a major component in ayurvedic fermented medicine
(balarishta) which is used to treat arthritis (29). Previously, Al-Gboory has described
desulphosinigrin as the major fermented volatile of camel milk and component of a yogurt
starter as well (30). However, along with biosynthesis pathways, the above reports has helped
desulphosinigrin to be established as a fermented product of waste tea kombucha. According
to Pires et al., compound valeraldehyde is a fermenting yeast metabolite which is generally
biosynthesized in beer as a flavour imparting compound from amino acids during
fermentation (31). Following the Ehrlich pathway, these types of aldehydes are formed from
amino acids after transamination and decarboxylation which finally reduces to form higher
alcohols as end product. However, detection of this common fermentation compound in WTK
has confirmed the occurrence of the Ehrlich pathway. WTK compound octose is an eight
carbon monosaccharide which is probably derived from sugars (glucose and ribose) present
as substrates in this fermentation broth as previously demonstrated by Zhang and Bantels
(32). GC-MS analysis based biosynthesis pathways of the waste tea kombucha metabolome
has been designed as depicted in Figure 4.
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Regarding non-fermented products, 2-cyclopenten-1-one, 2-hydroxy- (15.69%) and
DDMP (0.91%) are actually sugar derived components known to be formed due to
caramelization of certain sugars present in the fermentation broth or any other reaction
happened during extraction. However, the Maillard reaction is also known to produce these
lactones and other caramelized products from sugar and amino acid rich substrates. This is
not fermentation or other metabolism, but a chemical reaction that occurred between amino
acids and reducing sugars (both were either intermediates of fermentation pathways or
present as substrate in high quantities) which gives browned colour and a distinctive flavour
in fermented broths. However, the substrate of WTK was very rich in sugar content (ribose
and sucrose) and synthesis of such caramel compounds is very natural during fermentation
process different wines. These two compounds were previously reported in kombucha as well

(9).

Several literatures have been studied for the components detected by GC-MS analysis
to presume benefits of using WTI and WTK as a beverage. And results of this study helped
increase the quality of waste tea infusion and developed probiotic health drinks from it. So,
this waste can be used in many projects by the scientific community. Moreover, results of
preliminary biochemical tests for qualitative analysis and antioxidant activity were found to
be interrelated with the components which are also described below.

Not only by-products like kombucha production was the only objective of this research
but also detection of reported bioactive molecules in tea waste itself was an major part of the
research which have been described here. Xanthosine, the major component of WTI is not
only the precursor of caffeine but also an antioxidant and radio-protective agent (33).
Caffeine, detected in both samples, is well-known as a stimulant drug which is a signature
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molecule found in tea and coffee. It has many important pharmacological activity like
stimulant of central nervous system, diuretic and cardio-protective activity (34). All of the
even chain fatty acids, which have already been referred as to be originated from tea plant,
are highly bioactive. Stearic acid, petroselinic acid and palmitic acid are previously reported
as cardio-protective (15). Antimicrobial, anticancer and neuroprotective effects of the major
WTI fatty acid i.e., petroselinic acid (also detected in WTK) are previously reported by many
scientists (15,35). WTI’s stearic acid has antidepressant, antimicrobial, anticancer and
hepatoprotective properties linolelaidic acid is an apoptosis inducer and lauric acid is a
potential cardio-protective and antimicrobial (36—41). Lauric acid is used to treat viral
infections, common cold, genital, genital warts etc. It is also used for preventing the
transmission of HIV from mothers to children (42). There are lots of other uses for lauric acid
that include treatment of bronchitis, gonorrhoea, yeast infections, chlamydia, and intestinal
infections (Giardia lamblia and ringworm). Similarly, WTK’s palmitic acid is a potential
vasodilator, antioxidant, anticancer, antimicrobial and anti-inflammatory (pain reliever) agent
(15). Oleic acid derived 1-oleoylglycerol (detected in both WTI and WTK) has anti-diabetic
property (43). Octadecanal is also reported as antibacterial anticancer and antioxidant
(44,45). Another prime bioactive substrate derived components are B-sitosterol and y-
sitosterol. Interestingly, both compounds have potential antibacterial properties and
antidiabetic properties as reported previously (46,47). And presence of antidiabetic
components like sitosterols and oleoylglycerols in by-product or tea waste’s infusion is a
significant finding because tea specially black tea, as a beverage (without sugar), is praised
for its antidiabetic property. Moreover, bioactivities of B-sitosterol are more profound as it
possesses antioxidant, immunomodulatory, anticancer, anti-inflammatory, lipid lowering
effect, hepatoprotective, and respiratory-protective and wound healing properties (46).
Another substrate (WTI) derived compound was 13-Hexyloxacyclotridec-10-en-2-one (2%
peak area) which is the only compound that was neither detected in WTK nor converted due
to fermentation. Still, the compound has some reported biological activities like antimicrobial
activity and potential antitumor activity (48,49). Overall, presence of such bioactive molecules
in tea waste extraction is definitely an important finding of this research.

Major fermented product 1,3-Propanediol, 2-(hydroxymethyl)-2-nitro- (30.86%) is a
glycerol derivative which has potential antimicrobial (anti-staphylococcal) and antioxidant
activity (50,51). The compound is reported to be useful in treatment of metabolic acidosis
(52). Glycerol, precursor of this major compound, has many bioactive properties and this
component is an essential sugar alcohol, very commonly found in fermented beverages like
beer, wine, rum etc. It is most commonly used to treat -constipation, it
improves hydration and reduces skin problems (53). Pyruvic acid (total 14.67%) is another
major component as well as common fermentation metabolite present in WTK, which (ethyl
pyruvate) is a potential antioxidant and anti-inflammatory compound (54). Fermented
beverages like dark beer and red wine are rich sources of pyruvic acid. Recent research
suggests pyruvate in high concentrations may have a role in cardiovascular therapy, as an
inotropic agent (55). Another organic acid i.e., acetic acid, detected as a major fermented
metabolite also exhibits antibacterial and antifungal properties however, the mechanism of
action is not known. It’s the second simplest carboxylic acid (after formic acid) and a common
kombucha component. y-Butyrolactone (6.18%) is a commonly found fermented beverage
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product which was detected as one of the major compounds of WTK. This component has
potential antiviral and anti-thyroid properties which was also identified as a prodrug for y-
hydroxybutyric acid (GHB), a recreational CNS depressant with effects similar to those of
barbiturates. Fermenting microbial metabolite valeraldehyde is reported for its antimicrobial
activity (56). Desulphosinigrin (9.54%) is a bioactive glucosinolate. Despite being rarely found
in fermented beverages, it is one of the major WTK compounds established as a fermented
product in this study by considering metabolomics. Desulphosinigrin was mentioned earlier
as an ayurvedic fermented medicinal component that is used to treat arthritis. Moreover,
antibacterial, strong antioxidant and anticancer properties of this rare fermented product
helped increase the pharmacological importance of this probiotic fermented beverage as a
waste by-product (57).

Two non-fermented sugar derived kombucha components, i.e., DDMP and 2-
cyclopenten-1-one, 2-hydroxy- are also responsible for probable high biological activities of
WTK. Flavonoid fraction DDMP has anti-inflammatory, antimicrobial, anti-proliferative,
antioxidant and antidiabetic properties while the major non-fermented product 2-
cyclopenten-1-one, 2-hydroxy- (15.69%) is also an antimicrobial, anti-inflammatory, diuretic
and antioxidant component (26,58—60). However, DDMP is previously reported as fungal
metabolite also but there is an absence of strong evidences (26).

Results of GC-MS analysis clearly showed that waste tea kombucha contains a huge
amount of components responsible for antioxidant and bioactivities. Waste tea infusion,
containing xanthosine as the major compound further produced several bioactive
components in WTK after fermentation (described earlier designing of the biosynthesis
pathways for WTK metabolome) which was also reflected in results of qualitative tests.
Interestingly, results of GC-MS analysis became completely complementary with the results
of in vitro antioxidant assay as WTK was found scavenge significantly DPPH compared to WTI.
Moreover, WTK contains glycosides like DDMP and desulphosinigrin while DDMP is a saponin
and a flavonoid fraction (17) too. So, qualitative detection of high saponin, flavonoid and
glycosides in WTK is valid, if GC-MS metabolite profiling is considered. Similarly, alkaloid
(caffeine and xanthosine) rich WTI resulted high for alkaloids in the preliminary detection test.
Interpretation on decreased reducing sugar, alkaloids and caffeine after fermentation also
leaves an interesting conclusion as those got utilized by kombucha fermenting microbes to
produce secondary metabolites which were too bioactive to exhibit significant results for WTK
in specific biochemical tests and antioxidant assay. Caffeine was previously reported to
enhance the speed of SCOBY formation in kombucha (7,9,19). So, presence of alkaloid or
caffeine rich substrate (including its precursor) and results of biochemical tests showing
utilization of those components also characterized the fermentation process and widened the
acceptability of waste tea as a perfect substrate of kombucha. Preliminarily determined
decrease of pH during fermentation is also harmonizing with GC-MS results. Previously, in
depth research on physicochemical characteristics of kombucha has revealed that acetic acid
and other organic acid formation by microbes was the main cause behind this increasing
acidity (8). Likewise, major peaks for derivatives of organic acids (acetic acid and pyruvic acid)
were also detected in WTK which brought significance towards increasing acidity of WTK.
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Our aim of this research was to study the possibilities to produce a probiotic health
drink or kombucha from tea factory wastes to make it economically useful in a novel way
where qualitative analysis, antioxidant assay and GC-MS based metabolomics were
considered as parameters for characterization. Production of high antioxidant and bioactive
broth from unutilized wastes was the key outcome of this research. Detection of xanthosine,
caffeine and bioactive fatty acids in waste tea’s infusion or hot water extraction (WTI);
bioactive fermented components like desulphosinigrin; 1,3-propanediol, 2-(hydroxymethyl)-
2-nitro-; 2-cyclopenten-1-one, 2-hydroxy-; 2-hydroxy-gamma-butyrolactone in WTK;
establishment of biosynthesis pathways for fermentation derived metabolites; and discussion
on biological activity definitely brought significance in this research. Hopefully, the concept
and outcomes of this research have shown a possible and biotechnologically novel way to
valorize tea waste which will help the waste to be commercially and scientifically more useful.
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