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Abstract: In this study, the microbial community present during the barley yeast fermentation of
stevia leaves and its correlation with antioxidant, anti-obesity, and anti-inflammatory properties,
as well as metabolites, were investigated using UPLC-Q-TOF-MS. Stevia was fermented using
commercial TSB media (TSB 1, TSB 3, and TSB 5) and sucrose (Sucrose 1, Sucrose 3, and Sucrose 5) for
1, 3, and 5 days, respectively. Stevia ferments showed higher DPPH and ABTS radical scavenging
capacity compared to samples incubated with sucrose for 5 days, and all six ferments inhibited
nitric oxide production in a concentration-dependent manner in LPS-induced mouse macrophages.
Furthermore, UPLC-QTOF-MS analysis identified 23 related substances, including 10 terpenoids
(including rubusoside, steviolbioside, and rebadioside derivatives), dulcoside A, and phlomisoside II,
which are indicators of stevia, as well as five flavonoids, four phenolic acids, and four fatty acids.
We also identified the microbial community during fermentation via the next-generation sequencing
of the 16S rRNA gene for bacteria and the internal transcribed spacer (ITS) gene for fungi. The
results showed that TSB 1 and Sucrose 1 ferments were dominated by the pathogens Enterococcus
hirae (58.93%) and Cronobacter sakazakii (80.92%), while samples fermented for more than 3 days were
pathogen-free and dominated by lactic acid bacteria such as Pediococcus stilesii (73.37%). Microbial
community analysis using the ITS region showed that Saccharomycopsis fibuligera, classified as a yeast
rather than a mold, dominated the stevia fermentation regardless of the fermentation duration. In
particular, the microbial community of the fermentation with a sucrose solution was dominated by S.
fibuligera by more than 99% throughout the fermentation periods of 1, 3, and 5 days. Finally, to apply
the stevia ferments topically to human skin, skin irritation tests were performed on 30 volunteers.
The results showed that the highly concentrated extracts (1 mg/mL) of all six stevia ferments were
hypoallergenic. Taken together, these findings suggest that barley nuruk fermented from stevia
leaves with a sucrose solution offers promise as a natural ingredient for use in functional foods
and cosmetics.
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1. Introduction

Fermented foods have a long history and have been developed in various ways
around the world, but Korean fermentation is unique in that it is a natural fermentation
using complex bacteria. The typical starter for spontaneous fermentation is nuruk, which
involves complex microorganisms such as bacteria, yeast, and fungi [1]. The first time
nuruk (Japanese: koji, Chinese: jiuqu) appears in historical records is in the ‘Offices of
Summer and Minister of War’ chapter of the ‘Rites of Zhou’ compiled by the Chinese Zhou
dynasty in the 2nd century BC. Here, it is recorded that thinly sliced meat was dried in the
sun, mixed with salt and nuruk, and aged in jars for 100 days to produce a liquor [2–4].
The nuruk used was made from sorghum (millet). The discovery of this nuruk was a
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monumental event in East Asian food culture, as this fermentation technique became the
cornerstone of later fermented food cultures.

Even today, fermented foods such as makgeolli, vinegar, ganjang (soy sauce), soju, and
sake are made using nuruk, a complex of microorganisms, as starter. The reason for using
nuruk as a fermentation starter is to produce amylase, a saccharification enzyme secreted
by the microbial complex. There are many forms of nuruk, but in the case of makgeolli, a
traditional Korean alcoholic beverage, it is usually made from ground wheat and rice [5,6].
It is when they are properly kneaded and agglomerated into a disc-shaped lump, which
is then suspended in natural air, that the microorganisms that produce starch-degrading
enzymes are cultivated. Since there are countless spores of microorganisms floating in the
air, the temperature and humidity can be controlled to selectively cultivate the dominant
species and create a stable nuruk [7,8]. As a volcanic island with little fertile farmland and
limited access to the mainland, Jeju Island had to rely on food produced on the island itself,
so its fermentation culture is quite different from that of the mainland. As a prime example
of this, the nuruk is made from barley grown on the island, as opposed to the rice and
wheat produced on the mainland [9,10].

Next-generation sequencing (NGS) generates large numbers of sequences at an un-
precedented rate. Amplicon analysis is commonly used to study the microbiome and has
been used in large-scale projects, including the Human Microbiome Project [11,12]. The
16S rRNA gene, which is used to analyze these microbial communities, is highly conserved
among bacteria and is commonly used to distinguish bacteria at the taxonomic level, while
internal transcribed spacers (ITSs) in nuclear ribosomal DNA are commonly used in fungal
studies [13,14]. Advances in NGS technology are enabling researchers to study and un-
derstand the microbial world from a broader and deeper perspective, and indeed, many
studies have applied NGS technology to examine the microbiomes of fermented foods such
as cheese, kimchi, and sausages. Even now, NGS technology is advancing at a rapid pace,
continually improving in terms of quality and cost, and is having a major impact on a wide
range of disciplines including food microbiology [15–18].

Stevia rebaudiana, commonly known as stevia, is a plant native to South America and is
known for containing natural sweetening compounds called steviol glycosides; stevioside
and rebaudioside A are the most abundant, and these glycosides are much sweeter than
sucrose but contain no calories, making stevia an attractive natural sweetener for people
who are trying to reduce their calorie intake or manage their blood sugar levels. They are
often used as a natural sweetener to replace sugar in the manufacturing of a variety of
foods and beverages. Steviol is the parent of the diterpene compounds found in the leaves
of Stevia rebaudiana, which acts as a precursor to a variety of steviol glycosides responsible
for the plant’s intense sweetness, including stevioside, rebaudioside A, rebaudioside O,
and dulcoside A [19–21].

This study aimed to evaluate the antioxidant, anti-obesity, and anti-inflammatory prop-
erties of stevia leaves, which are famous as a natural sweetener, by fermenting them using
barley nuruk, a traditional fermentation starter on Jeju Island, and to identify changes in mi-
crobial communities as well as metabolites during the fermentation process. Additionally,
for application on human skin, the study also conducted a human skin primary irritation
test in accordance with the ethical principles of medical research under the Declaration
of Helsinki.

2. Materials and Methods
2.1. Materials

The tryptic soy broth (TSB) medium and sucrose used for stevia fermentation were pur-
chased from BD Biosciences (San Jose, CA, USA) and Sigma-Aldrich Co., Ltd. (St. Louis, MO,
USA), respectively, and the fermentation starter, barley nuruk, was purchased from Dongmun
Traditional Market, Jeju Island, Republic of Korea. The 2,2-disphenyl-1-picrylhydrazyl, 2,2-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt, potassium persulfate,
and L-ascorbic acid used in the antioxidant capacity assay were from Sigma-Aldrich Co.,
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Ltd. (St. Louis, MO, USA). The α-glucosidase, sodium phosphate, pNPG, Na2CO3, and
acarbose used for anti-obesity measurements were from Sigma-Aldrich Co, Ltd. (St. Louis,
MO, USA). Murine macrophage RAW 264, used for anti-inflammatory capacity experiments,
was purchased from the Korean Cell Line Bank (Seoul, Republic of Korea); lipopolysac-
charide (LPS) from Escherichia coli and modified Griess reagent were purchased from
Sigma-Aldrich (St. Louis, MO, USA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT); dimethyl sulfoxide (DMSO) was purchased from Biosesang (Seongnam,
Gyeonggi-do, Republic of Korea); Dulbecco’s Modified Eagle’s Medium (DMEM) and
penicillin–streptomycin were purchased from Thermo Fisher Scientific (Waltham, MA,
USA); and fetal bovine serum (FBS) was purchased from Merck Millipore (Burlington, MA,
USA). All reagents used were of the highest-quality analytical grade. The instruments
used in this experiment were an ELISA reader (Epoch, Biotech Instruments, Vermont, IL,
USA), a freeze dryer (Ilshin, Siheung, Republic of Korea), a microscope (Olympus Co.,
Ltd., Tokyo, Japan), a rotary vacuum evaporator (EYELA N-1210B, Sunil Eyela Co., Ltd.,
Sungnam, Republic of Korea), a digital reciprocating shaker (Daihan Scientific Co., Ltd.,
Gangwon, Republic of Korea), and a humidified incubator (NB-203XL, N-BIOTEK, Inc.,
Bucheon, Republic of Korea).

2.2. Preparation of Stevia Ferments and Extracts

Fermentation broth and extract were prepared using organically grown stevia leaves
from Jeju Cacao Smart Farm as follows: 10 g of barley nuruk and 10 g of stevia ethanol
extract were added to 100 mL of TSB medium or sucrose solution and fermented in an
incubator at 30 ◦C for 1, 3, and 5 days, and 100 mL of acetone was then added to each
fermentation broth to prepare a 50% acetone extract, which was extracted for 24 h at room
temperature, concentrated under reduced pressure, and lyophilized.

2.3. Antioxidant Capacity

The antioxidant capacity of the stevia ferment was tested using 1,1,diphenyl-2-picrylh-
ydrazyl (DPPH) and ABTS free radical scavenging assays as follows: DPPH· is itself
a very stable free radical and has a purple color. When DPPH· reacts with substances
with antioxidant activity, it turns yellow as the radical is scavenged; therefore, the degree
of radical scavenging can be measured spectrophotometrically to indirectly assess the
antioxidant capacity of the sample. DPPH radical scavenging activity was measured by
applying the Munteanu method [22]. Then, 20 µL of the extract of each concentration of
stevia ferment was incubated with 180 µL of 0.2 mM DPPH solution for 10 min, and the
absorbance was measured at 515 nm. On the other hand, when ABTS+, which is blue-green
in color, reacts with substances with antioxidant activity, it is decolorized by scavenging
radicals, and the degree of radical scavenging can be measured spectrophotometrically
to indirectly evaluate the antioxidant capacity of the sample. ABTS radical scavenging
activity was measured by applying the method of Re et al [23]. Prior to the antioxidant
capacity measurement, an ABTS+ solution was prepared by mixing 14 mM ABTS and
4.9 mM potassium persulfate and diluted with 95% EtOH to 0.65–0.70 at 700 nm after
24 h of dark reaction. The antioxidant capacity was measured by adding 180 µL of ABTS+

solution to 20 µL of the extract of each concentration of stevia ferment and dark reacting for
15 min and then measuring the absorbance at 700 nm. Ascorbic acid was used as a positive
control for DPPH and ABTS radical scavenging activity. The DPPH and ABTS scavenging
effects were measured using the following formula. IC50 values (concentration of sample
required to inhibit 50% of DPPH radicals) were estimated from a regression analysis. Based
on these IC50 values, the antioxidant capacity was evaluated.

Radical scavenging (%) = [Acontrol − Asample/Acontrol] × 100

2.4. Antidiabetic Capacity

The antidiabetic capacity of the stevia ferment was tested using an α-glucosidase
inhibition assay as follows: The inhibition of the α-glucosidase enzyme was measured in a
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100 mM sodium phosphate buffer, with a pH of 6.8, by reacting 750 mU/mL α-glucosidase
with 100 µL of 1.5 mM pNPG in the absence or presence of stevia ferment at 37 ◦C in a final
reaction volume of 200 µL. The reaction in the presence of acarbose was used as a positive
control. The reaction was initiated by adding pNPG, and after a reaction time of 10 min,
60 µL of a stop solution, 1 M Na2CO3, was added, and the released pNPs were determined
by measuring the absorbance at 405 nm using a spectrophotometer. For accurate inhibitory
activity measurements, background readings were removed by subtracting the absorbance
of the α-glucosidase-free mixture. Inhibition assays (using different concentrations of
inhibitor) were also used to determine the concentration of stevia ferment that resulted
in 50% inhibition (IC50 value) compared to acarbose. All measurements were performed
in triplicate.

2.5. Anti-Inflammatory Capacity

The anti-inflammatory activity of the stevia ferment was tested using RAW 264.7 cells,
a macrophage line. RAW 264.7 cells were cultured in DMEM medium with 1% peni-
cillin/streptomycin, 10% fetal bovine serum (FBS), and 25% F-12 nutrient at 37 ◦C, 5%
CO2 in a humidified chamber and passaged every 2 days. Cell viability was assessed by
a 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT) assay as follows:
RAW 264.7 cells were seeded at 1.5 × 105 cells/mL in 24-well plates and incubated for
24 h, then treated with stevia ferment in a concentration-wise manner and incubated for
24 h. After 24 h of incubation, 400 µL of an MTT solution (0.4 mg/mL) was treated and
reacted for 4 h, and the cytotoxicity was measured. The cell culture supernatant treated
with the MTT solution was removed, and the formed non-aqueous formazan precipitate
was completely dissolved by adding DMSO, and the absorbance at 570 nm was measured
using a microplate reader. The cytotoxicity was determined by comparing the absorbance
values with the untreated sample. The inhibition of nitric oxide (NO) production was
measured by measuring the amount of NO as nitrite or nitrate in the supernatant of the
cells. Cell line RAW 264.7 was seeded in 96-well plates at 1 × 104 cells/well and incubated
in an incubator at 37 ◦C, 5% CO2 for 24 h. The cultures were then exchanged to a serum-free
DMEM medium and treated with LPS to induce an inflammatory response. Ultimately,
the cultures were treated with LPS (1 µg/mL) and the respective stevia fermentations by
concentration and incubated in an incubator at 37 ◦C, 5% CO2 for 24 h. Then, 100 µL of the
cell culture was transferred to a fresh 96-well plate, 100 µL of Griess reagent was added, the
reaction was carried out for 10 min at room temperature, and the absorbance was measured
at 570 nm using an ELISA reader.

2.6. Qualitative Analysis of the Stevia Ferments

UPLC analysis was performed using a UPLC-Q-TOF MS (Vion, Waters, Milford, MA,
USA) and PDA Primaide detector (Waters, USA), with an Acquity UPLC BEH C18 column
(2.1 mm × 100 mm, 1.7 µm; Waters). The mobile phase consisted of water containing 0.1%
formic acid (v/v, A) and 0.1% acetonitrile (B) with gradient elution: 0–2 min, 90%–75% A;
2–3 min, 75%–65% A; 3–4 min, 65%–50% A; 4–5.5 min, 50%–45% A; 5.5–7.5 min, 50%–45%
A; and 7.5–10 min, 45%–35% A. The flow rate was 0.35 mL/min, and 1 µL of stevia ferments
was injected. The ESI source was operated in negative ionization mode with a capillary
voltage of 2.5 kV, and the cone voltage was set to 20 V. The desolvation temperature
was set at 400 ◦C. The desolvation gas flow rate was 900 L/h. The full-scan range of
MS data acquisition was 50–1500 m/z. LockSpray and data acquisition software was
leucine-encephalin (554.2615 Da) and UNIFI version 1.9.2.045 (Waters), respectively.

2.7. Amplification and Sequencing

After the above, 16S rRNA amplicons for sequencing were prepared by using a Her-
culase II Fusion DNA Polymerase Nextera XT Index Kit V2 for MiSeq System (Illumina,
San Diego, CA, USA) as follows. First, DNA was extracted from the stevia ferment, quality
control (QC) was performed, and libraries were constructed with the validated samples.
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The sequencing library was constructed by the random fragmentation of DNA samples
followed by the ligation of 5’ and 3’ adapters, and then the adapter-ligated fragments
were PCR-amplified and gel-purified. Next, microbial community analysis was performed
by sequencing the templates using Illumina SBS technology with the distinct clone clus-
ters generated.

2.8. Human Skin Irritation Test

The primary human skin irritation test of six extracts of stevia ferment was conducted
in accordance with the Korean Ministry of Food and Drug Safety (MFDS), Personal Care
Products Council (PCPC) guidelines, and the standard operating procedure of Dermapro
Inc. (SOP) (Seoul, Republic of Korea). After 24 h of application of 1 mg concentration of the
test product prepared with squalane on the back of the test subjects using Van der Bend, the
test product was removed and observed after 20 min and 24 h, and the evaluation criteria
were evaluated according to PCPC guidelines (Table 1). The skin reaction results for each
test substep were calculated according to the following formula.

Response =
∑(Grade × No. of Responders)

4(Maximum Grade)× n(Total Subjects)
× 100 × 1/2 (1)

Table 1. Grading system for skin primary irritation test.

Grade Description of Clinical Observation

+1 Slight erythema

+2 Moderate erythema, possibly with barely perceptible edema at the
margin; papules may be present

+3 Moderate erythema with generalized edema

+4 Severe erythema with severe edema, with or without vesicles

+5 Severe reaction spread beyond the area of the patch

2.9. Statistical Analyses

All the experiment results are expressed as the mean ± standard deviation (SD) of at
least three independent experiments. Statistical analyses were performed using Student’s
t-tests or a one-way ANOVA using IBM SPSS (v. 20, SPSS Inc., Armonk, NY, USA).
p-values < 0.05 (*), 0.01 (**), or 0.001 (***) were marked as statistically significant.

3. Results and Discussion
3.1. Antioxidant and Antidiabetic Capacity of Stevia Ferments

Six 50% acetone extracts of stevia ferments obtained after incubation for 1, 3, and
5 days were tested at concentrations of 500, 250, 125, 62.5, and 31.25 µg/mL. As depicted
in Figure 1, fermentations with sucrose solution exhibited relatively superior antioxidant
capacity compared to those with TSB, with respective IC50 values of 914.44 ± 91.51 µg/mL,
256.56 ± 23.67 µg/mL, and 174.38 ± 16.11 µg/mL for DPPH scavenging. Additionally, the
DPPH radical scavenging ability improved as the fermentation progressed. Consistent with
the DPPH scavenging results, the comparison of antioxidant capacity, using an ABTS assay,
also demonstrated the superiority of stevia fermentation with sucrose. The corresponding
IC50 values were 340.02 ± 46.33 µg/mL, 80.88 ± 6.49 µg/mL, and 57.98 ± 6.93 µg/mL,
respectively, with ABTS radical scavenging capacity increasing as fermentation progressed
(Figure 2).

The diabetic population has witnessed a significant increase over the past two decades,
establishing it as a global epidemic. One therapeutic approach to managing diabetes
involves the development of α-glucosidase inhibitor drugs. These inhibitors work by
impeding the hydrolysis of disaccharides into glucose monomers through reversible and
competitive inhibition, thereby curtailing glucose absorption and mitigating postprandial
hyperglycemic effects. Consequently, α-glucosidase inhibitors have emerged as a promis-
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ing strategy for treating type 2 diabetes [24–26]; however, synthetic α-glucosidase inhibitors
often trigger gastrointestinal side effects, such as flatulence, abdominal pain, and diarrhea.
Consequently, discovering effective and safe alternative α-glucosidase inhibitors devoid
of side effects poses an urgent challenge. On another front, since diabetes contributes to
complications stemming from free radical reactions, utilizing antioxidants in diabetes treat-
ment can forestall diabetic complications [27–29]. Hence, we assessed the α-glucosidase
inhibitory activity of stevia ferments with confirmed antioxidant capacity. As illustrated
in Figure 3, among the six stevia ferments, significant α-glucosidase inhibitory activity
was only observed in the sample from the third day with sucrose. The IC50 value of the
third-day sample with sucrose was 212.81 ± 2.15 µg/mL (p < 0.05).
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3.2. Anti-Inflammatory Capacity of Stevia Ferments

One of the most commonly utilized model systems for assessing the safety and efficacy
of anti-inflammatory drugs is the RAW264.7 cell system, a murine-derived macrophage cell
line that exhibits a robust inflammatory response upon exposure to inflammatory stimuli
like LPS. The popularity of the RAW264.7 model system can be attributed to its commercial
availability, ease of culture, and scalability for large-scale screening. Macrophages en-
gaged in the inflammatory response are activated by various stimuli or cytokines secreted
by immune cells, leading to the production of proinflammatory cytokines such as NO
and prostaglandin E2 (PGE2). These cytokines trigger inflammatory responses, such as
pain, swelling, dysfunction, redness, and fever, and stimulate the migration of immune
cells to the site of inflammation. Notably, NO, a highly reactive substance, is synthesized
from L-arginine by nitric oxide synthase (NOS), which exists in constitutive and inducible
forms (iNOS). Particularly, iNOS expression has been observed in various cells, including
hepatocytes, smooth muscle cells, bone marrow cells, monocytes, and macrophages, pro-
ducing substantial amounts of NO upon stimulation by external factors or inflammatory
cytokines [30–36]. Hence, we employed the RAW264.7 cell system to investigate whether
stevia ferments inhibit NO production, which effectively regulates the expression of proin-
flammatory mediators. Initially, we assessed the cytotoxic effects of six stevia ferments
using the MTT assay. For stevia ferment concentrations ranging from 200 to 1600 µg/mL,
cell viability after 24 h of treatment with 1 µg/mL LPS remained above 80%, indicating
no significant cytotoxicity even at 1600 µg/mL; therefore, subsequent experiments were
conducted with stevia ferment concentrations up to 1600 µg/mL and the impact of stevia
ferment on NO production in LPS-induced RAW 264.7 cells was confirmed by using a
Griess reagent assay. As depicted in Figure 4, LPS treatment significantly elevated NO
levels by up to four-fold. Conversely, treatment with the six different stevia ferments led to
a concentration-dependent inhibition of NO production in LPS-stimulated RAW 264.7 cells.
Collectively, these findings suggest that stevia ferments possess anti-inflammatory effects
and hold potential applications in related diseases.
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(1.5× 105 cells/well), incubated for 24 h, and then treated with 6 samples and LPS stimulation for
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the medium was measured using the Griess reagent. The results are presented as the mean ± SD
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3.3. Qualitative Analysis of the Stevia Ferments

The stevia ferment was extracted with 50% acetone because acetone is a polar, nonpro-
tonated solvent and can dissolve a wide range of organic compounds, including polar and
nonpolar substances, and we decided to further investigate the composition of the stevia
ferment extract. The UPLC-QTOF-MS analysis identified a total of 23 substances related
to terpenoids, flavonoids, and polyphenols. This included 16 substances derived from
TSB fermentation cultures and 19 substances from sucrose fermentation cultures. Detailed
information, including relative retention time (min), react mass (Da), observed m/z, and
MS fragments of chemical substances in the stevia ferment extract, is listed in Tables 2 and 3.
The base peak chromatogram in negative ion mode is displayed in Figures 5 and 6. The
results indicated the presence of five flavonoids, four phenolic acids, four fatty acids, and
ten terpenoids. As expected, from the fermentation with TSB and sucrose, the indicator
components of stevia, rubusoside, steviolbioside, and rebaudioside derivatives, as well as
dulcoside A and phlomisoside II, eluted and were identified in the chromatogram. In par-
ticular, chlorogenic acid, a phenolic compound, eluted prematurely in the chromatograms
of stevia fermentations with TSB and sucrose with a reaction mass of 353.0873 Da and
353.0870 Da, respectively, at the same relative retention time of 2.81 min. Interestingly, as
shown in the figure, fatty acid compounds eluted only from the stevia fermentation with
TSB, with 15,16-dihode, 10-ketostearic acid, methyl palmoxirate, and hydroxystearic acid
eluting at relative retention times of 5.91 to 7.66 min in the chromatogram. These results
are likely attributable to the excessive inclusion of casein and soybean decomposition
products in the TSB medium composition, which subsequently affected the barley nuruk
fermentation process. Finally, a tetrahydrocortisol derivative, tetrahydro-11-deoxy cortisol
3-O-β-D-glucuronide, eluted from stevia fermentations using sucrose as a carbon source,
but few bioactive studies of this compound have been reported. Tetrahydrocortisol, also
known as urocortisol, is a neurosteroid and an inactive metabolite of cortisol, acting as a
negative allosteric modulator of the GABAA receptor, similar to pregnenolone sulfate [37].
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Table 2. Identification of major metabolites in stevia ferments using TSB media via UPLC-QTOF-MS
(RT stands for retension time).

No RT
(Min) Proposed Compound Exact Mass

(M-H)
MS

Fragments

1 2.81 Chlorogenic acid 353.0873 191, 135

2 3.09 Patuletin-3-O-(4′′-O-acetyl-α-L-rhamnopyranosyl)-7-O-
(2′′′-O-acetyl-α-L-rhamnopyranoside) 707.1832 191, 173, 93

3 3.81 Quercitrin 447.0925 300, 151

4 3.87 Cynarine 515.1188 353, 173

5 4.28 3,4,5-Tricaffeoylquinic acid 677.1512 515, 353

6 4.41 Quercetin 301.0346 151

7 4.47 Rebaudioside A 965.4258 623

8 4.50 Rubusoside/steviolbioside 641.3182 479, 317

9 4.63 Rebaudioside C 949.4308 713

10 4.94 Stevioside 803.3720 623

11 5.00 Rubusoside/steviolbioside 641.3180 179, 317

12 5.06 Dulcoside A 787.3773 625

13 5.91 15,16-Dihode/9(S)-Hpode 311.2220 293, 223, 87

14 6.84 9-Hode 295.2271 277, 185

15 7.25 10-Ketostearic acid/methyl palmoxirate 297.2430 279, 185, 167

16 7.66 Hydroxystearic acid 299.2586 281, 253, 141
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Table 3. Identification of major metabolites in stevia ferments using sucrose by UPLC-QTOF-MS (RT
stands for retension time).

No RT
(Min) Proposed Compound Exact Mass

(M-H)
MS

Fragments

1 2.81 Chlorogenic acid 353.0870 191, 135

2 3.09 Patuletin-3-O-(4′′-O-acetyl-α-L-rhamnopyranosyl)-7-O-
(2′′′-O-acetyl-α-L-rhamnopyranoside) 707.1835 191, 173, 93

3 3.78 Cynarine 515.1184 353, 173

4 3.99 Rebaudioside E/rebaudioside A 965.4249 845, 641

5 4.04 Rebaudioside I/rebaudioside D 1127.4772 1111, 803

6 4.27 3,4,5-Tricaffeoylquinic acid 677.1516 515, 353

7 4.38 Luteolin/kaempferol 285.0399 133

8 4.40 Quercetin 301.0346 151

9 4.47 Rebaudioside E/rebaudioside A 965.4256 623

10 4.50 Rubusoside/steviolbioside 641.3181 611, 317

11 4.58 Rebaudioside F 935.4149 611

12 4.63 Dulcoside A 787.3771 625

13 4.67 Phlomisoside II 625.3226 661, 449

14 4.71 Rebaudioside B/rebaudioside G/rubusoside 803.3726 641, 611, 317

15 4.94 Rebaudioside B/rebaudioside G/rubusoside 803.3724 641, 611, 317

16 5.00 Rubusoside/steviolbioside 641.3175 479, 317

17 5.03 (−)-Pinellic acid 329.2329 229, 211, 171, 139

18 5.06 Chrysosplenol D/jaceidin 359.0772 344, 329

19 5.35 Tetrahydro-11-deoxy Cortisol 3-O-β-D-Glucuronide 525.2702 317, 171
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3.4. Raw Data Statistics

The calculated results for the total number of bases, number of reads, GC content (%),
Q20 (%), and Q30 (%) for the 12 stevia ferments are shown below (Table 4). Interestingly,
among the stevia fermentations using a TSB medium and sucrose carbon source, the
analysis using ITS primers detected microorganisms with low G + C content starting from
the fifth day of fermentation in the TSB application, whereas in the sucrose application,
microorganisms were detected consistently from the first day of fermentation.

Table 4. The analytical results for two types of barley-nuruk-fermented stevia by period.

Samples Total Bases
(bp) 1

Total
Reads 2 GC (%) 3 AT (%) 4 Q20 (%) 5 Q30 (%) 6

TSB 1_16S 62,594,154 207,954 54.85 45.15 90.08 79.46
TSB 1_ITS 60,307,156 200,356 50.84 49.16 88.05 76.64
TSB 3_16S 65,093,056 216,256 54.79 45.21 89.90 79.16
TSB 3_ITS 75,572,070 251,070 58.14 41.86 85.17 72.54
TSB 5_16S 79,682,526 264,726 54.50 45.50 89.50 78.75
TSB 5_ITS 93,429,798 310,398 39.35 60.65 93.20 84.93

Sucrose 1_16S 56,846,258 188,858 55.20 44.80 89.97 79.08
Sucrose 1_ITS 65,697,464 218,264 38.61 61.39 92.81 84.21
Sucrose 3_16S 54,704,944 181,744 53.01 46.99 90.16 79.60
Sucrose 3_ITS 66,342,206 220,406 38.46 61.54 92.36 83.00
Sucrose 5_16S 53,721,276 178,476 51.94 48.06 90.92 80.86
Sucrose 5_ITS 52,744,230 175,230 40.61 59.39 91.34 81.21

1 Total bases (bp): total number of bases sequenced. 2 Total reads: total number of reads. For illumina paired-end
sequencing, this value refers to the sum of read 1 and read 2. 3 GC (%): ratio of GC content. 4 AT (%): ratio of AT
content. 5 Q20 (%): ratio of bases that have a Phred quality score of over 20. 6 Q30 (%): ratio of bases that have a
Phred quality score of over 30.

3.5. Analysis of Microbial Communities

To track changes in bacterial and fungal communities during the fermentation of stevia
extracts with barley nuruk, microbial communities were identified through next-generation
sequencing targeting the 16S rRNA gene for bacteria and internal transcribed spacer (ITS)
gene sequences for fungi. As indicated in Table 5, Enterococcus hirae, a species seldom
isolated from human clinical samples but known to cause animal infections, dominated
the stevia ferment (58.93%), while Cronobacter sakazakii prevailed (80.92%) in the day 1
culture using a TSB medium. Cronobacter sakazakii (formerly Enterobacter sakazakii) is a
pathogenic bacterium primarily associated with diseases in infants under two months old,
premature infants, and individuals with weakened immune systems or a low birth weight;
however, notably, both E. hirae and C. sakazakii diminished as fermentation progressed,
giving rise to the dominant species, human beneficial bacteria like Pediococcus pentosaceus
and Pediococcus stilesii, particularly P. stilesii, which accounted for 0.20%, 40.04%, and 73.37%
of the fermentation, respectively. In terms of the fungal community analysis using the ITS
region, Saccharomycopsis fibuligera, categorized as a yeast rather than a fungus, dominated
stevia fermentations regardless of sample type and fermentation duration, whether fed
with a TSB medium or sugar solution. Specifically, fermentation with a sugar solution and
barley nuruk was present in over 99% of samples after 1, 3, and 5 days of fermentation (refer
to Table 6). S. fibuligera is known to actively accumulate trehalose from starch and secrete
significant amounts of amylase, acid protease, and β-glucosidase, showcasing the potential
for applications in the fermentation industry [38,39]. In addition, 7.88% of Monascus
purpureus was present in the TSB 3 ferment. M. purpureus is utilized in the production of
red rice, a staple food in Asia, and has been used in traditional Chinese medicine [40]. In
conclusion, utilizing a sucrose solution rather than a TSB medium for stevia fermentation
with barley nuruk may facilitate the transformation of beneficial bacteria in the human body.
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Table 5. The analytical results for 16S rRNA primers of barley-nuruk-fermented stevia by period.

Species TSB 1 (16S) TSB 3 (16S) TSB 5 (16S) Suc 1 (16S) Suc 3 (16S) Suc 5 (16S)

Corynebacterium nuruki 0.02% 0.00% 0.00% 0.00% 0.00% 0.00%
Brachybacterium nesterenkovii 0.01% 0.00% 0.00% 0.00% 0.00% 0.00%

Saccharopolyspora phatthalungensis 0.05% 0.00% 0.01% 0.02% 0.00% 0.00%
Streptomyces cacaoi 0.07% 0.01% 0.00% 0.01% 0.01% 0.00%

Aerosakkonema funiforme 0.00% 0.00% 0.00% 0.03% 0.06% 0.01%
Bacillus inaquosorum 0.00% 0.00% 0.00% 0.00% 0.04% 0.00%

Bacillus velezensis 0.02% 0.00% 0.00% 0.05% 0.00% 0.00%
Staphylococcus gallinarum 0.02% 0.00% 0.00% 0.00% 0.00% 0.00%

Staphylococcus kloosii 0.04% 0.00% 0.01% 0.00% 0.00% 0.00%
Enterococcus gallinarum 0.09% 2.71% 14.28% 0.00% 0.00% 0.00%

Enterococcus hirae 58.93% 19.24% 18.06% 0.63% 0.06% 0.00%
Enterococcus lactis 0.55% 0.08% 0.00% 0.00% 0.00% 0.00%

Pediococcus pentosaceus 1.22% 1.96% 1.71% 13.25% 29.38% 22.71%
Pediococcus stilesii 2.58% 13.77% 19.89% 0.20% 40.04% 73.37%

Buttiauxella warmboldiae 0.83% 0.14% 0.17% 0.00% 0.00% 0.00%
Cronobacter dublinensis 0.00% 0.00% 0.00% 0.15% 0.08% 0.00%

Cronobacter sakazakii 16.65% 52.21% 33.07% 80.92% 29.12% 2.98%
Enterobacter cloacae 1.04% 0.77% 0.91% 0.30% 0.18% 0.14%
Enterobacter mori 1.00% 0.46% 0.52% 0.17% 0.10% 0.05%
Klebsiella oxytoca 0.13% 0.03% 0.02% 0.00% 0.00% 0.00%

Klebsiella pneumoniae 3.78% 2.61% 4.14% 0.00% 0.21% 0.35%
Klebsiella variicola 4.79% 2.75% 4.24% 0.01% 0.17% 0.39%
Kosakonia cowanii 7.97% 3.23% 2.86% 1.70% 0.43% 0.00%

Phytobacter diazotrophicus 0.00% 0.00% 0.00% 0.02% 0.00% 0.00%
Pseudescherichia vulneris 0.17% 0.02% 0.05% 0.00% 0.00% 0.00%

Salmonella bongori 0.00% 0.01% 0.00% 0.00% 0.00% 0.00%
Erwinia billingiae 0.00% 0.00% 0.00% 0.42% 0.00% 0.00%

Erwinia gerundensis 0.00% 0.00% 0.00% 0.02% 0.00% 0.00%
Erwinia persicina 0.00% 0.00% 0.00% 0.04% 0.00% 0.00%

Mixta calida 0.00% 0.00% 0.00% 0.10% 0.00% 0.00%
Pantoea agglomerans 0.00% 0.00% 0.05% 0.08% 0.04% 0.00%

Pantoea vagans 0.00% 0.00% 0.00% 1.72% 0.00% 0.00%
[Curtobacterium] plantarum 0.02% 0.00% 0.00% 0.10% 0.05% 0.00%

Other 0.00% 0.00% 0.01% 0.01% 0.05% 0.01%

Table 6. The analytical results for ITS primers of barley-nuruk-fermented stevia by period.

Species TSB 1 (ITS) TSB 3 (ITS) TSB 5 (ITS) Suc 1 (ITS) Suc 3 (ITS) Suc 5 (ITS)

Other 0.03% 0.08% 0.00% 0.00% 0.00% 0.00%
Stemphylium sp. 0.00% 0.02% 0.00% 0.00% 0.00% 0.00%
Aspergillus sp. 0.50% 1.93% 0.14% 0.00% 0.00% 0.00%

Aspergillus amstelodami 0.60% 2.72% 0.19% 0.09% 0.00% 0.00%
Aspergillus flavus 0.00% 0.00% 0.00% 0.03% 0.00% 0.00%

Monascus purpureus 1.82% 7.88% 0.12% 0.13% 0.01% 0.00%
Thermomyces sp. 0.00% 0.03% 0.00% 0.00% 0.00% 0.00%

Hyphopichia burtonii 0.08% 0.14% 0.00% 0.00% 0.00% 0.00%
Millerozyma farinosa 0.01% 0.00% 0.00% 0.01% 0.00% 0.00%

Kodamaea ohmeri 0.07% 0.15% 0.01% 0.00% 0.00% 0.00%
Issatchenkia orientalis 0.00% 0.00% 0.00% 0.00% 0.00% 0.33%
Candida parapsilosis 0.00% 0.12% 0.00% 0.00% 0.00% 0.00%

Saccharomycopsis fibuligera 96.37% 86.14% 99.54% 99.69% 99.99% 99.67%
Trichomonascus ciferrii 0.01% 0.00% 0.00% 0.00% 0.00% 0.00%
Lichtheimia corymbifera 0.47% 0.79% 0.01% 0.02% 0.00% 0.00%

Rhizomucor pusillus 0.05% 0.00% 0.00% 0.00% 0.00% 0.00%
Rhizopus microsporus 0.00% 0.00% 0.00% 0.04% 0.00% 0.00%
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3.6. Human Skin Primary Irritation

Cosmetics are formulated with a mixture of various ingredients, and their safety must
be ensured due to direct contact with the human body and long-term use. To evaluate
the safety of cosmetics, several skin reaction tests are performed, including the scratch
test, prick test, intradermal test, and patch test. The most widely used method is the
patch test, which was conducted on stevia ferments to confirm skin safety as follows:
Thirty female volunteers, aged 20–50 years (mean age of 43.33 ± 7.03 years, range of
22–50 years), with no history of irritant and/or allergic contact dermatitis, participated in
the skin patch test. The study was approved by the Institutional Review Board (IRB) of
Dermapro Inc. in accordance with the ethical principles of medical research in accordance
with the Declaration of Helsinki and was conducted after written informed consent was
obtained from each volunteer (IRB no. 1-220777-A-N-01-DICN21249). As shown in Table 7,
the test results indicated that the high-concentration extracts (1 mg/mL) of the six stevia
ferments were hypoallergenic in terms of primary irritation to human skin.

Table 7. Results of human skin primary irritation test (n = 30).

Test
Samples

No. of
Responder

20 min after
Patch Removal

24 h after
Patch Removal Reaction Grade

(R)
+1 +2 +3 +4 +1 +2 +3 +4

1 TSB 1 (1 mg/mL) 0 0 0 0 0 0 0 0 0 0

2 TSB 3 (1 mg/mL) 1 0 0 0 0 1 0 0 0 0.4

3 TSB 5 (1 mg/mL) 0 0 0 0 0 0 0 0 0 0

4 Suc 1 (1 mg/mL) 0 0 0 0 0 0 0 0 0 0

5 Suc 3 (1 mg/mL) 0 0 0 0 0 0 0 0 0 0

6 Suc 5 (1 mg/mL) 0 0 0 0 0 0 0 0 0 0

4. Conclusions

Riding the health winds that have been blowing across society during and after the
pandemic, organic and herbal products, as well as natural functional products that use
fermented ingredients to increase absorption and functionality compared to existing prod-
ucts, have gained prominence [41]. Similarly, interest in natural sugars derived from stevia,
which is 200 to 300 times sweeter than sucrose and is famous for its low-calorie content,
is also increasing [42]. In this study, six stevia ferments (TSB 1, TSB 3, TSB 5, Sucrose
1, Sucrose 3, and Sucrose 5) were prepared by fermenting stevia leaf extract with barley
nuruk, a traditional fermentation starter on Jeju Island, and TSB, a commercial medium,
for 1, 3, and 5 days, and analyzing the microbial communities and metabolites for their
potential to promote human health. TSB 5 and Sucrose 5 were superior in antioxidant
efficacy using DPPH and ABTS scavenging capacity, and Sucrose 5 had relatively better
radical scavenging capacity than TSB 5 (p < 0.05). In addition, only sucrose 3 possesses
anti-obesity efficacy with an IC50 value calculated. Furthermore, all six stevia ferments in-
hibited the production of NO in a concentration-dependent manner in LPS-induced mouse
macrophage 264.7 cells. Further UPLC-QTOF-MS analyses identified twenty-three com-
pounds, including five flavonoids, four phenolic acids, four fatty acids, and ten terpenoids,
and including the stevia indicator rebadioside derivatives and dulcoside A. Interestingly,
the sample fermented for 1 day using a TSB medium and sucrose was dominated by the
pathogens Enterococcus hirae (58.93%) and Cronobacter sakazakii (80.92%), but as the fermen-
tation progressed, the microbial community changed, with the pathogens disappearing and
lactic acid bacteria such as Pediococcus stilesii (73.37%) dominating the stevia ferment. On
the other hand, a microbial community analysis using ITS primers showed that Saccharomy-
copsis fibuligera, which is classified as a yeast, dominated all six stevia ferments regardless
of the fermentation period, especially Sucrose 1, Sucrose 3, and Sucrose 5, which were
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dominated by S. fibuligera by more than 99%. Finally, a skin irritation test was performed
for the topical application of stevia ferments to human skin, and the results showed that
the high-concentration extracts (1 mg/mL) of all six stevia ferments were hypoallergenic.
Taken together, these results suggest that barley nuruk fermentation with sucrose from
stevia leaves offers promise as a natural ingredient for functional foods and cosmetics.
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