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Abstract

:

Kombucha is made by using a symbiotic culture of bacteria and yeast (SCOBY) to ferment sweetened tea. This fermentation produces a beverage with a unique aroma and acidic flavor. Kombucha has recently gained popularity in the United States and has been reported to have numerous health benefits. While there is a wide variation in kombucha composition, little is known about the impact water’s chemistry has on the fermentation and the resulting kombucha. Brewing water for kombucha was altered using the following ions: bicarbonate, chloride, calcium, magnesium, and sulfate at different concentrations. Pre-(tea) and post-(kombucha) fermentation (kombucha) products were analyzed for total acidity, pH, free amino nitrogen (FAN), total phenols, antioxidants, and biological components. A one-way ANOVA was run to determine statistical (p < 0.05) differences between the characteristics analyzed. Statistical differences were observed between the different water chemistry ions for all of the characteristics analyzed. Further investigation into the impact water chemistry has on flavor analysis is required. The information obtained from this research can be used to help producers to make kombuchas with an optimized chemical profile and improved antioxidant potentials.
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1. Introduction


Kombucha is a fermented black or green tea beverage sweetened with (5–8%) sugar and inoculated utilizing a SCOBY (symbolic culture of bacteria and yeast) [1]. While the exact origins of kombucha are unknown, historical evidence leads us to suggest that it originated in China [2]. Kombucha quickly spread to other countries in the region due to its alleged health benefits [3]. Over the last several years, social media has played a pivotal role in popularizing this beverage, particularly in the United States. Part of the reason for its dramatic increase in popularity is due to the positive health benefits associated with regular consumption of this beverage. Kombucha has been suggested to be able to reduce blood pressure and cholesterol, increase weight loss, relieve arthritis, increase one’s immune response, reduce kidney calcification, increase vitality, combat acne, eliminate wrinkles, purify the gall bladder, improve constipation, inhibit cancer proliferation, cure AIDS, and many other aliments [1,3,4,5,6]. While these effects have been widely used by producers, there has been limited pharmacologically focused research into kombucha’s effectiveness. However, with the increased interest in kombucha, it is anticipated that there will be an increase in the amount of research to support marketed claims.



Recipes used to produce kombucha can vary greatly based upon several factors such as the type and amount of tea utilized, the amount of sugar added, starter culture, fermentation time, and temperature, water source and chemistry, etc. [1,3,7,8]. All of these parameters can be manipulated and doing so will result in changes in the chemical and sensory characteristics of the final product.



Water is an important key ingredient in the production of several beverages including but not limited to kombucha. This key ingredient is often overlooked due to its simplistic chemical makeup [9,10]. It has been recognized that water has the ability to have an impact on the flavor of a number of products, most famously the dough used for New York Pizza crust, San Francisco’s sourdough [11], and several famous beer styles (Burton-on-Trent, Munich, and Dortmund lagers) [12]. Water is crucial for the production of kombucha as it serves as the initial growth medium for the yeast and bacteria prior to the start of the fermentation process [13]. Water is one of the most important factors to consider when brewing tea and kombucha because it needs to be free of any contaminants that could harm the microorganisms in the SCOBY [11,14].



It should be noted that water used for brewing should meet minimum baseline levels for potability [14]. There are different types of water that are available to use, including well water, spring water, bottled water, and municipal tap water [11]. The different water sources will have different mineral content, which will impact the product in numerous ways. Depending on the water type and geographical location, the mineral and organic content can vary water’s hardness (dependent on calcium and magnesium) [13]. The mineral content can also impact the final flavor and chemical composition of the beverage due to how the microorganisms react and use them. Tap or public water sources usually contain a significant amount of chlorine, which is one chemical that would impact the culture in a negative way due to its antibacterial nature and can give the final product a detergent-like taste [11,14]. While the impact of water chemistry on the brewing of kombucha is not well studied, it has a known influence on the brewing of other beverages such as beer [14] and whisky [15]. For beer, brewing companies have ionic profiles for the water they use during their brewing process to control the sensory aspects of their product. These profiles include a list of ions and their concentrations to keep the brewing and taste of their products optimized and consistent (fermentation, n.d.). This same approach could prove to be very impactful on the brewing of kombucha.



Aiming to optimize the positive attributes of fermented kombucha for homebrewers and commercial brewers, the effects of ionic chemistry when brewing black tea and fermenting kombucha were investigated. These ions include bicarbonate, chloride, calcium, magnesium, and sulfate. The impact of the presence of the ions and the concentrations was examined by observing the impact on fermentation products including the pH, total titratable acid, free amino acids (FAN), ethanol produced, total polyphenols, and antioxidant capacity. These characteristics were analyzed pre- and post-fermentation (tea vs. kombucha).




2. Materials and Methods


2.1. Chemicals


All solutions and kombuchas were made with Milli-Q water (18.2 MΩ cm). Ethanol, ferric ammonium citrate, ammonium hydroxide, sodium phosphate diabasic heptahydrate, potassium phosphate monobasic, fructose, and sodium bicarbonate were purchased from VWR (Solon, OH, USA). Glycine, sodium sulfate, and calcium nitrate tetrahydrate were purchased from EMD Chemicals (Gibbstown, NJ, USA). Ninhydrin and potassium iodate were purchased from Alfa Aesar (Heysham, UK). Sodium hydroxide was purchased from Fisher Scientific (Fair Lawn, NJ, USA). n-Propanol was purchased from Macron (Radnor, PA, USA). Carboxymethylcellulose was purchased from Spectrum (Gardena, CA, USA). Ethylenediamine tetraacetic acid (EDTA) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium chloride was purchased from BDH (Radnor, PA, USA). 2,2-diphenyl-1-(2,4,6-trinitrophenyl)-hydrazyl (DPPH), 97%, was purchased from Matrix Scientific located in Richland County, SC, USA. And magnesium nitrate hexahydrate was purchased from J.T. Baker (Philadelphia, PA, USA). All chemicals were purchased in the highest purity available and used without any modification or purification.




2.2. Kombucha Preparation and Fermentation


A black tea blend and kombucha starter kit was purchased from Northern Brewer located in Roseville, Mn. The kombucha starter, known as a SCOBY, was packaged by Oregon Kombucha located in Vancouver, WA, USA.



To prepare the base black tea, 1000 mL of DI water was brought to a boil and then 100 g of raw sugar cane was completely dissolved. For the specific ionic concentrations being tested, the calculated grams of the ion corresponding with the desired concentration were added and dissolved before adding the raw cane sugar. Then, 8 g of the black tea blend was added and steeped for 15 min. The tea was then filtered with a Buchner funnel and cooled in the refrigerator for approximately 2 h, to quickly cool before the addition of the SCOBY. To prepare the kombucha, 255 mL of the cooled tea was transferred to three separate flasks and 45 mL of SCOBY was added to each flask. These were labeled accordingly and stored at 21 °C for approximately 14 days. The finished kombuchas were transferred into storage containers and labeled and stored at 4 °C until testing.



Kombuchas were brewed with ions at three different levels which were chosen to span the range of concentrations typically found in residential water systems. In addition, kombuchas were produced with waters that included all ions investigated at the highest, middle, and lowest concentration, these are referred to as high, mid, and low composites. For example, the high composite is a combination of all of the ions used in this experiment at the highest concentration (200 mg/L bicarbonates (HCO3−), 150 mg/L chloride (Cl−), 100 mg/L calcium (Ca2+), 100 mg/L magnesium (Mg2+), 400 mg/L sulfate (SO42−)).




2.3. pH and Titratable Acidity


The pH was measured following the American Society of Brewing Chemists Beer-9 protocol [16]. The titratable acidity was measured following the American Society of Brewing Chemists Beer-8 protocol. Briefly, a 10 mL sample was titrated with standardized (~0.1 M) sodium hydroxide to a pH 8.2 endpoint [17].




2.4. Ethanol Content Determination


The ethanol content was measured using the American Society of Brewing Chemists Beer-4 protocol. The ethanol was measured by comparison with 1-proponol using a Shimadzu Scientific 2010 GC-FID. The separation was performed on a DB-WAX (30 m × 0.25 µm I.D.) with a film thickness of 1.00 µm in the column. Isothermal separation was performed at 185 °C, with a flow rate of 1.0 mL/min. A split inject was used at 175 °C. And the FID temperature was 250.0 °C. The total runtime was 5.0 min [18].




2.5. Free Amino Nitrogen (FAN)


The free amino nitrogen (FAN) was measured using the American Society of Brewing Chemists Beer-31 and Wort-12 protocol. In general, the amino acids in the tea or kombucha were reacted with ninhydrin to produce a colored solution. The absorbance was measured at 570 nm compared to a reagent blank. The results are expressed in relationship to a glycine standard [19].




2.6. Total Polyphenols Determination


The total polyphenols were measured using the standard Beer-35 protocol from the American Society of Brewing Chemists. In general, tea and kombucha are reacted with ferric ions in alkaline solution. The resulting red color produced is measured at 600 nm compared to a reagent blank. The result is expressed as gallic acid equivalents in mg/L [20].




2.7. Antioxidant Activity of Kombucha


The antioxidant activity of the kombucha was measured with a spectroscopic method using the interaction with the free radical scavenger DPPH based on the work of Brand-Williams et al. The method used ascorbic acid as a positive control and to calibrate. The method is briefly described below [21].



A high free radical solution was made with 100 mL of 95% reagent alcohol 9.89 × 10−5 M DPPH. In total, 3 mL of this solution was combined with 1 mL of a selected tea or kombucha sample, shaken, and incubated in the dark for 30 min to allow for the reaction to take place. Each sample was evaluated five times. After the incubation time was up, the absorbance of the DPPH solution before and then after the addition of the sample of interest was measured at 517 nm. These measurements were then used to calculate the scavenging effect of the sample following the equation below:


  Scavenging   Effect   ( % ) =      A   0   −   A   S       A   0       



(1)




where A0 is the absorbance of the high free radical solution of DPPH and AS is the a of the DPPH solution and the sample of interest at 517 nm using a Shimadzu Scientific UV-1800 Spectrophotometer (Kyoto, Japan).




2.8. Quantification of Biologically Relevant Compounds


A set of compounds (caffeine, catechin, quercetin, rutin, and gallic acid) chosen as representative of various important categories of biologically relevant compounds were selected and quantified using HPLC. All samples filtered through a 0.45 μL membrane filter into a sample vial. In total, 10 μL was injected into a Shimadzu Scientific Instruments High-Performance Liquid Chromatography Model SCL-40 and Photo Diode Array Detector Model SPD-M40 and detected at 271 nm. The separation was performed with a Shimadzu Nexcol C18 1.8 μm 50 × 2.1 mm column using a flow rate of 0.300 mL/min and gradient elution of 5% formic acid and acetonitrile starting at a ratio of 95:5. The mobile phase composition was changed to 92:8 over three minutes, then to 73:27 after 20 min, followed by the return to initial conditions by 21.5 min. The total analysis time was 23 min. Shimadzu LabSolution Version 5.117 was used for instrument control and chromatograms’ integration.




2.9. Statistics


Statistical analyses were conducted using JMP Pro (SAS Institute, Cary, NC, USA). Statistical calculations were carried out using one-way Analysis of Variance (ANOVA) coupled with Tukey HSD. Statistical tests were significant if p < 0.05. Box plots were created following repeated-measures ANOVA with unstructured correlation computed in R version 4.3.3.





3. Results and Discussion


To optimize the positive chemical attributes of kombucha, including the balance of acidity, total polyphenols, and antioxidant capacity, the effects of changing ionic water chemistry were investigated. These ions included bicarbonate, chloride, calcium, magnesium, and sulfate both individually and in composite. The impact of fermentation on these measures was compared to the initial tea created before inoculation with the starter culture.



3.1. Total Acidity and pH


The tea and the kombucha pH were measured to determine the influence water chemistry had on the pH. The tea samples ranged from 4.24 to 7.69, while the kombucha samples ranged from 2.18 to 4.37. Cations and anions have been extensively studied by the brewing (beer) industry due to the impact brewing water has on the quality of the final product. Calcium, magnesium, and bicarbonates ions not only impact the water’s hardness but its alkalinity as well, resulting in a higher pH [22].



As shown in Figure 1, statistical differences (p < 0.05) were observed between kombuchas made with different ions altering the water chemistry of the kombucha brewed. A decrease in pH was observed for all of the kombuchas regardless of the ionic composition of the water. This was expected due to the production of organic acids during the fermentation process. Ideally, all of the finished kombuchas would have a final pH above 3, because anything below that could be described as too acidic for some people to enjoy [23]. Six commercially available kombuchas were analyzed by Sogin and Worobo for several metabolites including pH. The pH range analyzed for kombucha ranged from 2.8 to 4.0, which left six of the kombucha samples produced for this experiment outside of that range [24]. This was true for all kombuchas produced except for the composites and lower concentrations of sulfate. The pH for these samples ranged from 2.18 to 2.74.



The use of certain ions has been shown to cause inhibition, resulting in slower and/or stuck fermentation when it comes to Saccharomyces cerevisiae [14,22] and other yeast strains like Brettanomyces [25]. By influencing the fermentation process, this can also have a negative impact on the by-products produced by yeasts as well as other microorganisms [14,22,25].



Acetic, gluconic, glucuronic, citric, L-lactic, malic, tartaric, malonic, oxalic, succinic, pyruvic, and usnic are a number of the organic acids that make up kombucha and are associated with the titratable acidity (TA) [3]. The total acidity was measured for the tea and kombucha samples. The purpose of this was to determine the concentration of total acids produced during the fermentation process. Tea had a total acidity concentration ranging from 0 to 0.1 M, while an increase in the concentration was seen following the fermentation process ranging from 0.06 to 0.86 M. Figure 2 shows the change in titratable acidity for kombucha using water with different ionic chemistries. As with pH, statistical differences (p < 0.05) were observed between the different kombuchas. Like the teas, the final titratable acidity of the composite was the highest in the lower ionic concentration composite. The buffer capacity associated with the different water chemistries ultimately influenced the final pH and the titratable acidity [14]. This impact appears to be most significant in waters containing calcium and magnesium. The presence of either of these ions individually produced kombuchas that had higher titratable acidity; however, when combined with other ions, as in the composite, the increase in titratable acidity was not observed. This supports the idea that the presence of calcium and magnesium is beneficial to the microorganisms [14]. It should also be noted that the ions found in the water can have a positive or negative impact on the microorganisms themselves, which was not addressed within this work.




3.2. Ethanol Content


The ethanol content (not shown) for each kombucha stayed below the 0.5% threshold. No statistical differences were observed for any of the fermentations. It was most important that the alcohol concentration remained below the 0.5% threshold to be considered a non-alcoholic drink by the Alcohol and Tobacco, Tax, and Trade Bureau (TTB) [26].




3.3. Free Amino Nitrogen


Free amino nitrogen (FAN) levels were measured in the tea and again in the final fermentation. The FAN levels in the tea ranged from 0.61 to 28.5 mg/L, while the kombucha FAN levels were 1.49–14.83 mg/L. Statistical differences (p < 0.05) were observed between the different kombuchas as shown in Table 1. Free amino nitrogen is required by microorganisms for several metabolic processes such as cellular growth, repair, replicate, and ultimately fermentation [27]. Unlike other fermentation substrates that are rich in FAN, FAN levels are limited in kombucha, thus putting additional stress on the microorganisms participating in the fermentation of the product [28]. FAN levels were analyzed pre- (tea) and post-fermentation (kombucha). The FAN levels in this study tended to increase over time, unlike what was seen by Rodriquez et al. (2024) where FAN levels generally decreased over the fermentation based upon the microbial composition of the SCOBY [28]. Based on Rodriguez et al., who studied the impact of monoculture inoculation on the FAN levels in kombucha, they suggest that co-fermentation of the microorganisms necessary for kombucha production means they are better able to manage nutrient requirements through interactions between themselves [28]. Previous studies by du Toit et al. (2020) have shown mutualistic interactions between yeast and bacteria when placed in nutrient-deprived mediums [29]. When yeast are in a nitrogen-deprived medium, yeast have the ability to excrete amino acids in small quantities through nitrogen catabolite repression (NCR)-sensitive pathways [30]. This could explain the increase in the FAN levels in some of the kombuchas.




3.4. Total Antioxidant Content


Kombucha’s ability to scavenge potential free radicals is attributed to its antioxidant capability [31]. The antioxidant potential was analyzed for the tea and kombuchas based upon water chemistry looking at DPPH inhibition. The antioxidant capacity of the tea ranged from 55.1 to 91 mg/L. The antioxidant capacity found within the tea comes from the tea itself (Bishop et al. 2022) [10]. The kombucha antioxidant capacity ranged from 68.88 to 88.15%. Lee et al. [31] analyzed the DPPH of the tea as well as the resulting kombucha throughout the fermentation process. The DPPH started at 40 and then increased following the fermentation process to 60%, which was less than what was found in this study. The DPPH scavenging capability in this study aligned more closely with that of the study of Amhed et al. where the DPPH scavenging capability was 89.69% in the kombucha that was tested [32]. The high antioxidants capability associated with kombucha is due to the polyphenols, ascorbic acid, and D-saccharic acid-1,4-lactone (DSL) [31]. For this work, a direct correlation between the antioxidant capacity and the total polyphenols was not observed. This is likely a result of the complexity of the kombucha composition that is not completely accounted for with these types of total measures.



Table 2 shows the influence water chemistry had on the total antioxidants content (TAC) of the steeped teas and the resulting kombuchas. Statistical differences (p < 0.05) were observed between the kombuchas based upon their water chemistry. Polyphenols are a chemical group of antioxidants found within kombucha [33]. Jakubczyk et al. (2020) found that the antioxidant concentration was generally higher in the resulting kombucha than in the original tea. Similar results were also observed by Ivanišová et al. (2020) [34]. The reason for the increase in antioxidants was proposed to be that some of the lower molecular weight phenolic compounds were altered by enzymes produced during the fermentation process [33]. It should be noted that during this experiment that was not always the case. A decrease in the antioxidant potential was observed in some of the resulting kombuchas. It should be noted that the compositions (low, medium, and high) all resulted in a decrease in the antioxidant potential from the tea to the resulting kombuchas. Further investigations into the influence water chemistry has on the total and individual polyphenols (gallic acid, catechin, rutin, and quercetin) were also conducted during this study.




3.5. Total Polyphenols


Polyphenols are the largest group of antioxidants found in kombucha due to the utilization of tea. Polyphenols are composed of an aromatic ring with at least one or more hydroxyl groups. The overall structure can range from simplistic (e.g., gallic acid or caffeic acid) to complex with a high molecular mass (quercetin) [35]. It should be noted that polyphenols are most soluble in organic solvents, less polar than water [36].



The primary polyphenols found in kombucha are flavonoids, flavanols, flavanol gallate, and flavanol glycosides. Table 3 shows the impact water chemistry has on total polyphenols in the pre-fermented tea and the resulting fermented kombucha. Statistical differences (p < 0.05) were observed between the different water chemistries. Apart from the high-composition water, distilled water and 50 mg/L bicarbonates had one of the lowest concentrations of total phenols. Previous researchers have looked at the influence both temperature and pH have on the stability of polyphenols in solution. It has been shown that a temperature of 4 °C and pH have little influence on the stability of polyphenols in solution. However, as the temperature increased to 25 °C and the pH was increased to 7.0, there was decrease in stability of the polyphenols in solution over a 24 h period [37]. This is one explanation for the decrease in polyphenols over the fermentation of kombucha.




3.6. Biologically Relevant Compounds


The composition of the bioactive components found within the kombucha will affect the antioxidant activity. The individual polyphenols analyzed for this study were catechin, quercetin, rutin, and gallic acid. Catechin is an example of a flavan-3-ol, rutin and quercetin are flavanols, and gallic acid is a phenolic acid. These representative compounds were selected to provide more detailed insight into the variation in the compositions of the kombucha and the observed changes in the total measures already discussed. Table 4 shows the concentration (mg/L) of these compounds found within the tea and the resulting kombucha. There were no statistical differences (p < 0.05) between the different water chemistries for gallic acid, catechin, or quercetin. However, water containing 25 mg/L Mg2+ resulted in a concentration of rutin at was found to be statistically different than all of the others. This is interesting because there were differences found in the measure of total polyphenols and total antioxidant content. However, these differences are most likely the result of differences in the concentrations of compounds not measured in this study. Therefore, it would be appropriate to expand the investigations of the polyphenol and antioxidant compound compositions of these types of kombuchas. Cabrera et al., 2021, looked at the influence tap water with different water hardnesses had on the extraction capability of catechin and caffeine content in green tea infusions. It was found that the softer the water (lower the alkalinity), the higher the caffeine and catechin content found in the tea samples. Similar results can be seen here as well when it comes to the influence cations and anions have on water’s hardness and its ability to extract biological components [38].




3.7. Caffeine


Caffeine is a naturally occurring xanthine alkaloid found in several different plants (coffee, tea, and cocoa) [11,39]. Caffeine makes up between 3 and 6% of tea leaves. Like other phytochemicals within plants, the caffeine levels within the tea can vary based upon cultivation techniques and any sort of further processing of the leaves [40]. The caffeine concentration found in the tea used for this experiment ranged from 0.47 to 39.07 mg/L. As previously discussed, water hardness has an influence on not only catechin but caffeine as well. This is a result of the alkalinity of the water caused by the mineral content within the water [38]. Table 4 shows the caffeine concentration (mg/L) found within the tea and the resulting kombucha. The caffeine concentration for the kombucha ranged from 17.94 to 31.81 mg/L. There was no statistical difference (p < 0.05) between the different water chemistries. This is not unexcepted since the caffeine originates from the tea. Since the same tea was used for all fermentations, the only differences would come from major differences in metabolism caused by the differences in water chemistry. Since this is not expected, it follows that there would not be significant differences in the final caffeine concentration. Except for eight samples, the remaining samples saw a decrease in caffeine concentration from the tea to the kombucha which showed similar results to those of Chakravorty et al. (2016) [5]. Caffeine is an extremely important compound for the fermentation process because it provides microorganisms their nitrogen requirements in order to perform the necessary metabolic processes for fermentation to proceed [11,39].





4. Conclusions


The impact of water containing bicarbonate, chloride, calcium, magnesium, and sulfate ions both individually and together on the fermentation of kombucha was investigated. These ions in the water were shown to impact the pH, total titratable acid, free amino acids (FAN), ethanol produced, total polyphenols, and antioxidant capacity. In addition, there were differences between the impact of these ions individually and when combined. This foundational work provides the insights into the impact of water chemistry on kombucha fermentation. However, these impacts were total measures of several key parameters, but the impact can be expanded through more focused work on individual key acids, polyphenols, and flavonoids. Also, there is a great deal more research to be conducted on the impact water chemistry has on the microflora used in fermentation. And then this work needs to be extended to determine the impact on the perceived flavor of the final kombucha. However, this work can provide kombucha producers valuable information to help optimize their product.
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Figure 1. A box plot of the pH of kombucha made with different ionic water chemistries. The box represents the standard deviation bars with the bold line the mean value. The total spread in the data is represented by the dashed line. 
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Figure 2. A box plot of the total acidity of kombucha made with different ionic water chemistries. The bold line is the mean value with the size of the box representing the standard deviation bar. The total spread of the data represented by the dashed lines. 
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Table 1. Water chemistry’s influence on the free amino nitrogen (FAN) of steeped tea and the resulting kombucha. The standard deviation reported is a result of the triplicate fermentation. The standard deviation resulting from the triplicate analysis of the tea was not included for clarity.
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	Water Composition
	Tea (mg/L)
	Kombucha (mg/L)





	Distilled Water
	4.95
	6.43 ± 0.63 BCD



	50 mg/L Bicarbonates (HCO3−)
	1.74
	2.98 ± 1.10 CD



	100 mg/L Bicarbonates (HCO3−)
	2.27
	3.93 ± 0.66 CD



	200 mg/L Bicarbonates (HCO3−)
	2.03
	2.14 ± 1.22 D



	25 mg/L Chloride (Cl−)
	0.91
	1.49 ± 0.99 D



	75 mg/L Chloride (Cl−)
	1.39
	2.76 ± 0.93 CD



	150 mg/L Chloride (Cl-)
	0.61
	1.96 ± 1.12 D



	25 mg/L Calcium (Ca2+)
	9.2
	9.04 ± 1.66 ABCD



	50 mg/L Calcium (Ca2+)
	8.31
	14.61 ± 11.12 AB



	100 mg/L Calcium (Ca2+)
	3.75
	3.57 ± 1.34 CD



	25 mg/L Magnesium (Mg2+)
	18.4
	16.53 ± 2.63 A



	50 mg/L Magnesium (Mg2+)
	28.5
	14.83 ± 1.20 AB



	100 mg/L Magnesium (Mg2+)
	5.05
	5.45 ± 1.11 BCD



	100 mg/L Sulfate (SO42−)
	9.36
	6.57 ± 1.51 ABCD



	200 mg/L Sulfate (SO42−)
	14.83
	6.08 ± 1.67 BCD



	400 mg/L Sulfate (SO42−)
	14.9
	8.83 ± 4.34 ABCD



	Low Composition
	9.62
	16.43 ± 5.22 A



	Mid Composition
	14.9
	12.32 ± 1.73 ABC



	High Composition
	7.45
	9.83 ± 0.83 ABCD







N = 3; (mean +/− standard deviation); results bearing different letters are statistically different (p < 0.05). 













 





Table 2. Chemistry’s influence on the total antioxidants content (TAC) of steeped tea and the resulting kombucha. The standard deviation reported is a result of the triplicate fermentation. The standard deviation resulting from the triplicate analysis of the tea was not included for clarity.
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	Water Composition
	Tea (mg/L)
	Kombucha %





	Distilled Water
	86.3
	85.69 ± 3.03 ABC



	50 mg/L Bicarbonates (HCO3−)
	81.4
	78.65 ± 0.48 BC



	100 mg/L Bicarbonates (HCO3−)
	68.2
	84.19 ± 2.57 ABC



	200 mg/L Bicarbonates (HCO3−)
	55.1
	78.21 ± 4.04 B



	25 mg/L Chloride (Cl−)
	83.8
	86.06 ± 1.72 ABC



	75 mg/L Chloride (Cl−)
	80.6
	82.77 ± 0.79 ABC



	150 mg/L Chloride (Cl−)
	86.8
	88.15 ± 2.29 A



	25 mg/L Calcium (Ca2+)
	83.8
	81.73 ± 1.72 ABC



	50 mg/L Calcium (Ca2+)
	83.3
	85.44 ± 1.02 AB



	100 mg/L Calcium (Ca2+)
	89.7
	88.05 ± 2.71 A



	25 mg/L Magnesium (Mg2+)
	87.7
	81.21 ± 3.11 ABC



	50 mg/L Magnesium (Mg2+)
	89.2
	86.82 ± 1.15 AB



	100 mg/L Magnesium (Mg2+)
	90.6
	85.96 ± 2.93 ABC



	100 mg/L Sulfate (SO42−)
	89.2
	85.94 ± 5.17 ABC



	200 mg/L Sulfate (SO42−)
	71.5
	85.17 ± 1.82 ABC



	400 mg/L Sulfate (SO42−)
	81.7
	83.49 ± 3.57 ABC



	Low Composition
	91.0
	86.47 ± 4.04 ABC



	Mid Composition
	84.8
	83.53 ± 0.74 ABC



	High Composition
	87.4
	68.85 ± 3.81 D







N = 3; (mean +/− standard deviation); results bearing different letters are statistically different (p < 0.05).













 





Table 3. Water chemistry’s influence on the total phenols of steeped tea and the resulting kombucha.
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	Water Composition
	Tea (mg/L)
	Kombucha (mg/L)





	Distilled Water
	669
	752.67 ± 107.34 ABCD



	50 mg/L Bicarbonates (HCO3−)
	669
	773 ± 38.16 ABCD



	100 mg/L Bicarbonates (HCO3−)
	746
	1028 ± 26.29 A



	200 mg/L Bicarbonates (HCO3−)
	748
	879.00 ± 34.12 AB



	25 mg/L Chloride (Cl−)
	685
	643.00 ± 104.70 ABCD



	75 mg/L Chloride (Cl−)
	1089
	815.67 ± 6.11 ABC



	150 mg/L Chloride (Cl−)
	881
	677.33 ± 4.51 ABCD



	25 mg/L Calcium (Ca2+)
	695
	419.66 ± 78.25 CD



	50 mg/L Calcium (Ca2+)
	696
	558.00 ± 60.32 BCD



	100 mg/L Calcium (Ca2+)
	656
	357.66 ± 142.06 D



	25 mg/L Magnesium (Mg2+)
	755
	437.33 ± 300.01 CD



	50 mg/L Magnesium (Mg2+)
	724
	599.67 ± 126.87 ABCD



	100 mg/L Magnesium (Mg2+)
	713
	341 ± 143.89 D



	100 mg/L Sulfate (SO42−)
	839
	581.33 ± 187.47 BCD



	200 mg/L Sulfate (SO42−)
	657
	674.33 ± 4.51 ABCD



	400 mg/L Sulfate (SO42−)
	714
	820 ± 36.10 ABC



	Low Composition
	796
	421.67 ± 300.42 CD



	Mid Composition
	746
	558.33 ± 228.08 BCD



	High Composition
	462
	438.33 ± 101.52 CD







N = 3; (mean +/− standard deviation); results bearing different letters are statistically different (p < 0.05).













 





Table 4. Water chemistry’s influence on the biological compounds (gallic acid, catechin, rutin, quercetin, and caffeine) of steeped tea and the resulting kombucha.
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Gallic Acid (mg/L) *

	
Catechin (mg/L) *

	
Rutin (mg/L)

	
Quercetin (mg/L) *

	
Caffeine (mg/L) *




	
Water Chemistry

	
Tea

	
Kombucha

	
Tea

	
Kombucha

	
Tea

	
Kombucha

	
Tea

	
Kombucha

	
Tea

	
Kombucha






	
Distilled Water

	
12.4

	
69.40 ± 19.40

	
4.41

	
4.96 ± 1.72

	
1.86

	
6.87 ± 3.50 B

	
0.02

	
0.024 ± 0.022

	
2.36

	
26.3 ± 4.87




	
50 mg/L Bicarbonates (HCO3−)

	
56.48

	
56.67 ± 10.02

	
4.01

	
4.66 ± 1.50

	
5.05

	
6.65 ± 0.26 B

	
0.57

	
n.d.

	
28.64

	
30.17 ± 1.15




	
100 mg/L Bicarbonates (HCO3−)

	
62.28

	
45.68 ± 19.62

	
1.31

	
7.02 ± 3.09

	
7.13

	
10.87 ± 2.99 B

	
0.67

	
6.57 ± 7.10

	
36.94

	
27.09 ± 17.09




	
200 mg/L Bicarbonates (HCO3−)

	
3.00

	
44.76 ± 36.42

	
0.91

	
6.53 ± 4.87

	
0.32

	
5.51 ± 5.68 B

	
n.d.

	
0.42 ± 0.71

	
0.47

	
17.94 ± 15.21




	
25 mg/L Chloride (Cl−)

	
42.09

	
56.26 ± 3.51

	
2.00

	
6.58 ± 2.41

	
8.75

	
5.86 ± 2.38 B

	
8.75

	
0.06 ± 0.05

	
39.22

	
31.81 ± 4.33




	
75 mg/L Chloride (Cl−)

	
44.82

	
62.5 ± 12.08

	
7.13

	
6.26 ± 2.34

	
9.43

	
5.99 ± 0.94 B

	
8.10

	
0.04 ± 0.04

	
47.33

	
31.79 ± 0.51




	
150 mg/L Chloride (Cl−)

	
47.81

	
47.88 ± 2.44

	
3.37

	
4.39 ± 0.64

	
6.88

	
8.70 ± 2.25 B

	
16.93

	
0.01 ± 0.01

	
32.65

	
29.74 ± 2.01




	
25 mg/L Calcium (Ca2+)

	
58.57

	
61.38 ± 2.36

	
6.83

	
3.29 ± 0.41

	
7.31

	
7.44 ± 1.74 B

	
0.70

	
n.d.

	
34.58

	
21.51 ± 1.02




	
50 mg/L Calcium (Ca2+)

	
7.68

	
50.60 ± 36.04

	
0.57

	
3.51 ± 2.85

	
2.31

	
5.75 ± 4.34 B

	
0.09

	
0.02 ± 0.04

	
0.62

	
18.55 ± 8.22




	
100 mg/L Calcium (Ca2+)

	
56.89

	
65.06 ± 19.15

	
7.04

	
4.20 ± 0.84

	
7.16

	
6.82 ± 3.06 B

	
0.09

	
n.d.

	
34.03

	
25.57 ± 3.60




	
25 mg/L Magnesium (Mg2+)

	
4.69

	
47.75 ± 4.80

	
0.33

	
4.90 ± 2.14

	
1.42

	
19.95 ± 5.7 × 10-9 A

	
0.06

	
n.d.

	
0.14

	
26.90 ± 4.00




	
50 mg/L Magnesium (Mg2+)

	
8.10

	
57.86 ± 6.44

	
0.62

	
7.41 ± 0.75

	
2.23

	
7.31 ± 1.51 B

	
0.06

	
0.43 ± 0.38

	
0.73

	
30.09 ± 4.18




	
100 mg/L Magnesium (Mg2+)

	
5.78

	
72.87 ± 12.12

	
0.51

	
3.79 ± 2.15

	
0.51

	
8.65 ± 0.40 B

	
0.18

	
n.d.

	
0.31

	
26.53 ± 5.35




	
100 mg/L Sulfate (SO42−)

	
30.17

	
59.00 ± 31.84

	
9.38

	
7.18 ± 0.94

	
19.95

	
9.19 ± 0.18 B

	
9.07

	
n.d.

	
9.78

	
24.98 ± 1.20




	
200 mg/L Sulfate (SO42−)

	
83.63

	
60.60 ± 22.11

	
6.48

	
5.09 ± 1.08

	
6.46

	
7.92 ± 1.00 B

	
0.41

	
0.06 ± 0.04

	
39.07

	
35.96 ± 3.89




	
400 mg/L Sulfate (SO42−)

	
-

	
76.30 ± 11.40

	
-

	
6.10 ± 2.52

	
-

	
6.29 ± 0.38 B

	
-

	
0.65 ± 0.65

	
-

	
37.15 ± 5.47




	
Low Composition

	
46.57

	
61.92 ± 21.15

	
6.28

	
9.22 ± 1.37

	
6.96

	
7.92 ± 1.15 B

	
0.70

	
0.04 ± 0.02

	
34.86

	
34.27 ± 4.34




	
Mid Composition

	
7.26

	
72.00 ± 13.33

	
1.20

	
8.32 ± 0.89

	
0.31

	
8.14 ± 0.78 B

	
0.07

	
3.19 ± 5.40

	
0.20

	
34.37 ± 4.14




	
High Composition

	
75.64

	
56.73 ± 42.69

	
7.40

	
9.95 ± 5.64

	
1.43

	
6.02 ± 4.11 B

	
n.d.

	
0.05 ± 0.00

	
34.00

	
24.38 ± 20.66








N = 3; mean +/− standard deviation, n.d.: not detected. -: not measured. Results bearing different letters are statistically different (p < 0.05). * No statistical differences were observed.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any