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Abstract

Context: Roselle kombucha may serve as a matrix for hydrophobic bioactive compounds; however, its microbial profile after supplementation with eugenyl
salicylate nanoemulsion remains insufficiently characterized.

Aims: To evaluate the initial physicochemical characteristics, culturable microbial counts, and bacterial and fungal profiles associated with the symbiotic
culture of bacteria and yeasts (SCOBY) in untreated roselle kombucha (KR) and eugenyl salicylate nanoemulsion-supplemented roselle kombucha (KR+ES).

Methods: Eugenyl salicylate-containing systems in roselle kombucha were characterized based on particle size, polydispersity index, and zeta potential.
Culturable bacterial and fungal counts were determined using culture-dependent methods. SCOBY-associated bacterial and fungal profiles were explored using
bacterial 16S ribosomal RNA and fungal internal transcribed spacer amplicon sequencing at post-treatment time points. Sequencing data were interpreted
descriptively because one sample per condition was analyzed.

Results: KR+ES had a particle size of 178.59 + 0.77 nm, a polydispersity index of 0.319 + 0.025, and a zeta potential of -7.78 + 0.11 mV. Culturable bacterial counts
were lower in KR+ES than in KR, decreasing from 5.39 + 0.01 log CFU/mL to 2.52 + 0.07 log CFU/mL. Culturable fungal counts decreased from 5.16 + 0.12 log
CFU/mL to 4.04 + 0.52 log CFU/mL. Descriptive SCOBY-associated profiles showed differences involving Liquorilactobacillus, Komagataeibacter, Acetobacter,
Dekkera, and Zygosaccharomyces.

Conclusions: Eugenyl salicylate nanoemulsion supplementation was associated with lower culturable microbial counts and descriptive differences in bacterial
and fungal profiles in roselle kombucha. Further validation is required before practical applications can be established.
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Resumen

Contexto: La kombucha de roselle puede servir como matriz para compuestos bioactivos hidrofébicos; sin embargo, su perfil microbiano tras ser suplementada
con una nanoemulsion de salicilato de eugenilo esta poco caracterizado.

Objetivos: Evaluar las caracteristicas fisicoquimicas iniciales, los recuentos microbianos cultivables y los perfiles bacterianos y fungicos asociados al cultivo
simbiético (SCOBY) de kombucha de roselle sin tratar (KR) y suplementada con nanoemulsién de salicilato de eugenilo (KR+ES).

Métodos: Los sistemas con salicilato de eugenilo en kombucha de roselle se caracterizaron por su tamafio de particula, indice de polidispersidad y potencial
zeta. Los recuentos bacterianos y fungicos se determinaron mediante cultivo. Los perfiles asociados al SCOBY se evaluaron mediante secuenciacion de 16S e
ITS. Los datos se interpretaron de forma descriptiva, ya que se analizé una muestra por condicién.

Resultados: El sistema KR+ES present6 un tamario de particula de 178.59 + 0.77 nm, un indice de polidispersidad de 0.319 + 0.025 y un potencial zeta de -7.78
+0.11 mV. Los recuentos bacterianos cultivables disminuyeron de 5.39 + 0.01 a 2.52 + 0.07 log CFU/mL, y los flngicos, de 5.16 + 0.12 a 4.04 + 0.52 log CFU/mL.
Los perfiles descriptivos asociados al SCOBY mostraron diferencias que involucraron a Liquorilactobacillus, Komagataeibacter, Acetobacter, Dekkera y
Zygosaccharomyces.

Conclusiones: La suplementacion se asocié con recuentos cultivables mas bajos y diferencias descriptivas en los perfiles bacterianos y flingicos. Se requiere
una validacién adicional antes de establecer aplicaciones practicas.

Palabras Clave: Hibiscus; hongos; microbiota; secuenciacion de nucledtidos de alto rendimiento; tamafio de particula; té de kombucha.
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Abbreviations: 16S rRNA: 165 ribosomal ribonucleic acid; AAB: Acetic acid bacteria; ASV: Amplicon sequence variant;
CFU: Colony-forming unit; ES: Eugenyl salicylate; ITS: Internal transcribed spacer; KR: Roselle kombucha; KR+ES: Ro-
selle kombucha supplemented with eugenyl salicylate nanoemulsion; MRS: de Man, Rogosa, and Sharpe; NGS: Next-
generation sequencing; PDA: Potato dextrose agar; PDI: Polydispersity index; SCOBY: Symbiotic culture of bacteria and

yeasts; SD: Standard deviation; TPC: Total plate count.

INTRODUCTION

Kombucha is a mildly acidic, carbonated beverage
produced by fermenting sweetened black or green tea
with a symbiotic culture of bacteria and yeasts
(SCOBY). During fermentation, the consortium con-
verts sucrose into organic acids, ethanol, carbon diox-
ide, and secondary metabolites with reported biologi-
cal activities, including antioxidant and antimicrobial
properties (Huang et al., 2022). Its chemical and micro-
biological characteristics vary depending on fermenta-
tion conditions, substrate composition, and microbial
ecology (Bortolomedi et al., 2022; Wang et al., 2022).

Recent kombucha production has expanded to al-
ternative substrates, including herbal and fruit infu-
sions. However, more research is needed to under-
stand how different substrates affect the physicochem-
ical environment and microbial profile of kombucha.
Roselle (Hibiscus sabdariffa L.; family Malvaceae) is a
promising substrate because of its red color, acidic
character, and rich content of organic acids, anthocya-
nins, phenolic acids, and flavonoids, which are associ-
ated with antioxidant, antihypertensive, hypoli-
pidemic, and hepatoprotective properties (Da-Costa-
Rocha et al.,, 2014; Izquierdo-Vega et al., 2020). In
kombucha, roselle infusion may affect pH, buffering
capacity, sugar availability, and phenolic composition,
thereby influencing culturable microbes and microbial
community composition. However, studies on the mi-
crobial profile of roselle-based kombucha remain lim-
ited (Arikan et al., 2020).

Kombucha SCOBYs are complex microbial consor-
tia typically composed of acetic acid bacteria and
yeasts, with bacterial genera such as Komagataeibacter,
Acetobacter, and Gluconobacter, and yeasts such as Zygo-
saccharomyces, Brettanomyces/Dekkera, and Saccharomy-
ces frequently reported in kombucha fermentation
(Arikan et al., 2020; Wang et al., 2022). Studies on mod-
ified formulations, such as propolis-enriched
kombucha, indicate that formulation changes may in-
fluence culturable aerobic and lactic acid bacterial
counts (Turkoglu Bacanak & Keyvan, 2024). Culture-
based methods, including total plate count (TPC), esti-
mate viable microorganisms that grow under specific
culture conditions but do not fully represent the over-
all microbial community composition. In contrast, am-
plicon-based sequencing using bacterial 165 rRNA and
fungal ITS markers provides complementary infor-
mation on bacterial and fungal community profiles in
kombucha and other fermented beverages (Arikan et
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al., 2020; Marsh et al., 2014; Turkoglu Bacanak & Key-
van, 2024).

Interest is increasing in kombucha-based beverages
containing bioactive compounds, including essential
oil-derived compounds. Eugenol, a phenylpropanoid
abundant in clove (Syzygium aromaticum), has antimi-
crobial, antioxidant, and anti-inflammatory properties,
but its use in aqueous beverages is limited by its hy-
drophobicity and volatility (Fu et al., 2022). Nanoemul-
sion-based approaches can improve the dispersion of
hydrophobic bioactives in aqueous systems and may
affect their interactions with microbial cells. Eugenol-
containing nanoemulsions have also been reported to
enhance antimicrobial performance and influence bio-
film formation in certain food systems (Fu et al., 2022;
Mushtagq et al., 2023).

Despite these advances, information on the SCOBY-
associated microbial profiles of roselle kombucha sup-
plemented with eugenyl salicylate nanoemulsion re-
mains limited. Alternative substrates or added ingre-
dients in kombucha, including coffee, fruit juice, and
herbal materials, have been associated with changes in
product composition and microbial community pro-
files using NGS-based approaches (Andreson et al,,
2023). However, studies combining culture-dependent
microbial enumeration with 165/ITS amplicon profil-
ing in roselle-based kombucha after nanoemulsion
supplementation are scarce. Therefore, this study eval-
uated the initial physicochemical characteristics of the
eugenyl salicylate-containing dispersed system, com-
pared culturable bacterial and fungal counts between
untreated and nanoemulsion-supplemented roselle
kombucha, and descriptively explored the SCOBY-
associated bacterial and fungal community profiles at
selected post-treatment time points.

MATERIAL AND METHODS

Ethics statement

This study did not involve human participants or
experimental animals. Therefore, ethical approval for
human or animal research was not required for this
study.

Cultivation of roselle kombucha culture

Dried roselle calyces (Hibiscus sabdariffa L.; family
Malvaceae) were obtained from CV Hasta Mandiri, a
herbal supplier located at Perum Bumi Mondoroko
Raya AM-46, Watugede, Malang, East Java, Indonesia
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(7.91500° S, 112.65600° E). The plant material was au-
thenticated by the Laboratory of Plant Taxonomy,
Structure, and Development, Department of Biology,
Faculty of Mathematics and Natural Sciences, Univer-
sitas Brawijaya, Malang, Indonesia, under authentica-
tion certificate No. 01305/ UN10.F0916/B/TA.00.02.3/
2025. Because the dried calyces were purchased from a
commercial supplier, the GPS coordinates of the origi-
nal plant collection site were not available. Roselle
kombucha was prepared based on Leonarski et al.
(2022), with modifications. All glassware was sterilized
before use. Dried roselle calyces (0.65 g) were brewed
in 400 mL of hot water at approximately 75°C for 5-10
min, filtered, and mixed with sucrose (10% w/v). After
cooling to room temperature, the extract was inocu-
lated with 10% (v/v) black tea kombucha starter, and
the pH was measured. The initial and final pH values
of the roselle kombucha were 3.00 and 2.56, respec-
tively. Fermentation was conducted in sterile 1 L glass
vessels, leaving sufficient headspace for pellicle for-
mation and gas exchange. The starter was used as a
mixed kombucha inoculum, and its microbial compo-
sition was not separately characterized before fermen-
tation. The vessels were covered with sterile cloth to al-
low aerobic exposure while minimizing external con-
tamination and incubated statically at 25 + 2°C for
seven days.

Production of roselle kombucha with eugenyl
salicylate addition

The ES-containing dispersion in roselle kombucha
was prepared based on Fu et al. (2022) and Mushtaq et
al. (2023), with modifications. Briefly, 10 mL of roselle
kombucha was supplemented with 1.9 mg ES (final
concentration, 0.19 mg/mL) and 7.6 mg Tween-80 (fi-
nal concentration, 0.76 mg/mL), then ultrasonicated
using a bath-type ultrasonicator (Rio Ultrasonic
Cleaner, China) operating at 24 kHz and 400 W for 1 h
at maximum amplitude (scale level 10) to obtain an ES-
containing dispersion. Ultrasonication was performed
without active temperature control. Because storage
stability, encapsulation efficiency, and ES content were
not evaluated, it was considered an initially character-
ized dispersed system. Water+ES was prepared under
identical conditions as an aqueous control for particle
size, PDI, and zeta potential analyses.

Particle size, polydispersity index, and zeta
potential analysis

Particle size, polydispersity index (PDI), and zeta
potential of the ES-containing dispersion were meas-
ured using a particle size analyzer [BeNano 180 Zeta
Max, Bettersize Instruments Ltd., China]. Water+ES
served as an aqueous formulation control, whereas
KR+ES represented the ES-containing dispersion in the

https://jppres.com

Eugenyl salicylate-kombucha profiling

kombucha matrix. Particle size and PDI described
droplet size distribution, whereas zeta potential esti-
mated surface charge. Measurements were performed
in triplicate and expressed as mean + SD.

Experimental design and sampling scheme

TPC and 165/1TS analyses used different sampling
schemes and matrices. KR represented untreated ro-
selle kombucha, KR+ES represented roselle kombucha
analyzed immediately after ES dispersion preparation,
KR+ES 6 h represented the SCOBY /pellicle sampled 6
h after ES addition, and KR+ES 72 h represented the
SCOBY/pellicle sampled 72 h after ES addition. TPC
compared culturable bacteria and fungi in KR and
KR+ES, whereas amplicon profiling analyzed
SCOBY/pellicle samples from KR, KR+ES 6 h, and
KR+ES 72 h. Thus, the datasets were complementary
but not directly comparable.

Total plate count (TPC)

Culturable bacterial and fungal count

Culturable bacterial and fungal populations of KR
and KR+ES were evaluated using the spread-plate
method according to Sittisart et al. (2024), with modifi-
cations. For bacterial enumeration, serial 10-fold dilu-
tions of each sample were prepared using sterile 0.85%
sodium chloride solution, and 100 pL of the appropri-
ate dilution was spread onto MRS agar (Oxoid,
CMO0361). The plates were incubated at 37°C for 120 h.
For yeasts and molds, the same dilution procedure was
applied, and 100 pL of the appropriate dilution was
spread onto PDA plates (Oxoid, CM0139), followed by
incubation at 25°C for 5 days. The resulting bacterial
and fungal colonies were counted and expressed as log
CFU/mL.

TPC and 16S/1ITS analyses followed different sam-
pling schemes. TPC was used to compare culturable
bacterial and fungal counts between KR and KR+ES,
whereas amplicon profiling was performed only on se-
lected samples, namely KR, KR+ES 6 h, and KR+ES 72
h. Therefore, TPC and sequencing results were consid-
ered complementary and were not interpreted as di-
rectly comparable time-course data.

Statistical analysis

The TPC assay was performed in triplicate for each
treatment group, KR and KR+ES. These triplicates rep-
resented technical replicates obtained from the same
sample. The results are presented descriptively as
mean * standard deviation (SD) to indicate measure-
ment variability. Because independent biological repli-
cates were not included, no inferential statistical anal-
ysis was performed, and no p-values were calculated.
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Amplicon-based bacterial and fungal community
profiling

Amplicon-based bacterial and fungal community
profiling was performed as a secondary exploratory
analysis to describe the microbial community profiles
of selected samples. Because one sample per condition
was sequenced, the 16S/1TS data were interpreted de-
scriptively and were not used for inferential statistical
analysis.

DNA sample preparation

Genomic DNA from bacteria and fungi was iso-
lated from SCOBY kombucha using the Quick-DNA
Fungal/Bacterial Miniprep Kit (Zymo Research, Cat.
No. D6005) following the manufacturer's protocol. A
100 mg SCOBY/ pellicle sample was collected from KR,
KR+ES 6 h, and KR+ES 72 h.

Next-generation amplicon sequencing of 16S rRNA/ITS
regions

Amplicon sequencing and initial bioinformatics
processing were performed by Genetika Science, Tan-
gerang, Indonesia, using its standard 16S rRNA/ITS
amplicon sequencing workflow. Region-specific pri-
mers targeting the bacterial 165 rRNA V3-V4 and fun-
gal ITS regions were used (Table 1). Indexed libraries
were then pooled and sequenced on an Illumina MiSeq
platform to generate paired-end reads.

Data analysis

Paired-end reads were processed using the pro-
vider’s bioinformatics workflow. Adapter and primer
sequences were trimmed with Cutadapt (Martin,
2011), followed by quality filtering, denoising, read
merging, and chimera removal with DADAZ2 (Callahan
et al,, 2016) to generate amplicon sequence variants
(ASVs). Sequencing quality metrics for the bacterial
16S rRNA and fungal ITS datasets are summarized in

Eugenyl salicylate-kombucha profiling

Supplementary Tables S1 and S2, respectively. Bacte-
rial ASVs were classified using SILVA_nr99 _v138.2
(Quast et al., 2013), whereas fungal ASVs were classi-
fied using UNITE 9.0 (Nilsson et al., 2019). Taxonomic
abundance tables were used only for descriptive sum-
maries and visualizations. Because one sample per
condition was sequenced, no inferential statistics,
PERMANOVA, differential abundance analysis, or
multiple-testing correction were performed.

Data availability statement

The raw paired-end sequence data generated from
bacterial 165 rRNA and fungal ITS amplicon sequenc-
ing have been deposited in the NCBI Sequence Read
Archive under BioProject accession number
PRJNA1483865. The associated BioSample accession
numbers are SAMN61208096-SAMN61208098, and
the SRA accession numbers are SRR39385259-
SRR39385264.

RESULTS

Initial characterization of the ES-containing
dispersion

The initial characteristics of the ES-containing dis-
persion were evaluated based on particle size, polydis-
persity index (PDI), and zeta potential measurements
(Table 2). Water+ES exhibited an average particle size
of 133.99 + 0.84 nm, a PDI of 0.303 + 0.016, and a zeta
potential of -0.66 £ 0.05 mV. KR+ES had an average
particle size of 178.59 + 0.77 nm, a PDI of 0.319 + 0.025,
and a zeta potential of -7.78 + 0.11 mV. These results
provided an initial physicochemical characterization
of the ES-containing dispersion under the tested con-
ditions. However, because the magnitude of the
KR+ES zeta potential was relatively low, long-term
electrostatic stability should not be inferred from this
value alone.

Table 1. Primer sequences and PCR amplification information used for bacterial 16S rRNAV3-V4 and fungal ITS amplicon

sequencing.

Target region Primer name

Primer sequence 5' to 3'

PCR amplification

method/reagent
Bacterial 16S rRNAV3-V4  341F CCTAYGGGRBGCASCAG PCR amplification was
performed using KOD Multi &
Bacterial 165 rRNAV3-V4  806R GGACTACNNGGGTATCTAAT Epi DNA Polymerase Mix
Fungal ITS ITS5-1737F GGAAGTAAAAGTCGTAACAAGG (Toyobo, KME-101), according
to the sequencing provider
Fungal ITS ITS2-2043R GCTGCGTTCTTCATCGATGC workflow.

Primer sequences are presented in the 5' to 3' direction. PCR amplification was performed by the sequencing provider using KOD Multi & Epi
DNA Polymerase Mix (Toyobo, KME-101). DNA and PCR products were quantified using Nanodrop 2000 and Qubit, and PCR products were
visualized by agarose gel electrophoresis before cleanup and library preparation.
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Table 2. Initial physicochemical characterization of roselle kombucha supplemented with eugenyl salicylate nanoemulsion

(KR+ES).
Physicochemical characteristics
Sample
Particle size (nm) Polydispersity index (PDI) Zeta potential (mV)
Water+ES 133.99+0.84 0.303+0.016 -0.66 +0.05
KR+ES 178.59+0.77 0.319+0.025 -7.78+0.11

Data are presented as mean + SD. Particle size, polydispersity index (PDI), and zeta potential were measured to provide initial physicochemi-

cal characterization of the KR+ES dispersed system.

Culturable bacterial and fungal counts in roselle
kombucha (KR) and roselle kombucha with eugenyl
salicylate (KR+ES)

The TPC analysis compared culturable bacterial
and fungal counts between untreated roselle
kombucha (KR) and KR+ES. The MRS-based cultura-
ble bacterial count was lower in KR+ES (2.52 £ 0.07) log
CFU/mL than in KR (5.39 £ 0.01) log CFU/mL under
the tested conditions. Because only technical replicate
measurements from one experimental sample per
treatment were analyzed, these values were inter-
preted descriptively, and no inferential statistical anal-
ysis was performed. Similarly, the PDA-based cultura-
ble fungal count (Fig. 1B) was higher in the KR group
(5.16 + 0.12) log CFU/mL than in the KR + ES group
(4.04 £ 0.52) log CFU/mL.

A B
6 6=
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E E' 3
= 2
[TH L
(@] &)
o
o 2 & 24
0~ 0- T
KR KR+ES KR KR+ES
Figure 1. Culturable microbial counts in KR and KR+ES.
(A) Bacterial count. (B) Fungal count. Bars show mean + SD from three tech-
nical replicate plates derived from one experimental sample per treatment.
Data were analyzed descriptively without inferential statistics. KR: roselle
kombucha; KR+ES: roselle kombucha supplemented with eugenyl salicylate
nanoemulsion.

Bacterial and fungal community profiles at selected
post-treatment time points

As a complementary approach to the culture-de-
pendent TPC analysis, 165/1TS amplicon profiling was
used to explore the bacterial and fungal community
composition in KR, KR+ES 6 h, and KR+ES 72 h. These
samples represented selected exploratory post-treat-
ment time points. Because sequencing was performed
on one selected sample per condition, the 165/1TS data
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were summarized as sample-level microbial commu-
nity profiles and were not statistically analyzed.

The bacterial profiles are shown in Fig. 2A-B. The
corresponding bacterial ASV abundances and taxo-
nomic assignments are provided in Supplementary Ta-
ble S3. In KR, Komagataeibacter was the dominant ge-
nus, accounting for approximately 66% of the bacterial
community, followed by Acetobacter and Liquorilactoba-
cillus at approximately 14% each. In KR+ES 6 h, Liguo-
rilactobacillus showed the highest relative abundance at
approximately 65%, while Komagataeibacter accounted
for approximately 24%. In KR+ES 72 h, Komagataeibac-
ter was again the dominant genus at approximately
69%, followed by Liquorilactobacillus at approximately
18.6% and Acetobacter at approximately 10.8%. Other
genera, including Gluconacetobacter, Gluconobacter, Bre-
vundimonas, Pseudomonas, and Pseudonocardia, were de-
tected at lower relative abundances. The bacterial
heatmap showed a similar pattern, with higher relative
abundance of Komagataeibacter in KR and KR+ES 72 h,
and higher relative abundance of Liquorilactobacillus in
KR+ES 6 h.

The fungal profiles are shown in Fig. 2C-D. The cor-
responding fungal ASV abundances and taxonomic as-
signments are provided in Supplementary Table S4. In
KR, Dekkera was the dominant fungal genus, account-
ing for approximately 93.5% of fungal ITS reads, while
Zygosaccharomyces accounted for approximately 1.7%.
In KR+ES 6 h, Dekkera remained overwhelmingly dom-
inant, representing approximately 99.9% of fungal ITS
reads. In KR+ES 72 h, Zygosaccharomyces became the
dominant genus, accounting for approximately 76.4%,
while Dekkera accounted for approximately 23.1%.
Other fungal genera, including Issatchenkia, Wallemia,
and Gamszarea, were present at low relative abun-
dances. Overall, the relative abundance plots and
heatmaps showed sample-level variation in the bacte-
rial and fungal community composition among the an-
alyzed samples.

DISCUSSION

Roselle kombucha containing eugenyl salicylate
nanoemulsion was assessed using physicochemical
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characterization, culture-dependent microbial counts,
and 16S/ITS amplicon profiling. Because kombucha
characteristics are influenced by substrate composi-
tion, fermentation conditions, and microbiota (Huang
et al., 2022), roselle infusion may contribute to the spe-
cific fermentation environment of this system. Overall,
KR+ES showed lower culturable bacterial and fungal
counts than untreated KR, while SCOBY-associated
16S/1TS profiles showed sample-level differences in
bacterial and fungal relative abundance at selected
post-treatment intervals.

This study preliminarily characterized the ES-
containing dispersion. Particle size, PDI, and zeta po-
tential confirmed a mean particle size within the na-
nometer range. KR+ES showed larger particles and a
more negative zeta potential than the aqueous ES sys-
tem, suggesting that the kombucha matrix influenced
particle size and surface charge. However, comprehen-
sive characterization requires storage stability, encap-
sulation efficiency, active compound content, micro-
scopic morphology, and other complementary anal-
yses for confirmation (Danaei et al., 2018; Gupta et al.,
2016). Because encapsulation efficiency, storage stabil-
ity, TEM/SEM morphology, and fermentation stability
were not evaluated, these findings should be inter-
preted as preliminary physicochemical characteriza-
tion.

Culture-dependent results showed lower cultura-
ble bacterial and fungal counts in KR+ES than in un-

Eugenyl salicylate-kombucha profiling

treated KR. However, MRS agar reflects culturable
acid-tolerant or LAB-like bacteria, not the whole bacte-
rial consortium, especially acetic acid bacteria such as
Komagataeibacter and Acetobacter (De Man et al., 1960;
Marsh et al., 2014; Villarreal-Soto et al., 2018). PDA-
based enumeration reflects yeasts and molds growing
under the applied conditions. Therefore, TPC results
represent media-dependent estimates rather than total
microbial load, consistent with culture-dependent lim-
itations (Hinsu et al., 2021; Reva et al., 2015). Further
studies should include LAB-specific, AAB-specific,
and aerobic bacterial enumeration.

The lower culturable microbial counts in KR+ES
may be related to the inclusion of eugenyl salicylate, an
ester derivative of eugenol and salicylic acid. Esterifi-
cation of eugenol with salicylic acid may retain or
modify selected biological properties of the parent
compounds (Warsito et al., 2024), while eugenol deriv-
atives can interact with microbial membranes under
certain conditions (Hyldgaard et al., 2015). However,
this study did not directly evaluate the contribution of
eugenyl salicylate or the salicylate moiety. Because
time-matched untreated controls, formulation controls
without eugenyl salicylate, ultrasound controls, and
ES dose-response treatments were not included, the
lower culturable counts in KR+ES should be inter-
preted as a literature-supported association rather than
evidence of a specific antimicrobial effect.

e Figure 2. SCOBY-associated microbial
nus .
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Genus e L0910 A )
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0.75 o )
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In KR+ES 72 h, Komagataeibacter and Acetobacter re-
mained detectable, indicating that several kombucha-
associated acetic acid bacterial genera were still pre-
sent after ES nanoemulsion supplementation. These
genera are frequently reported in kombucha fermenta-
tion and are associated with acetic acid production, cel-
lulose synthesis, and yeast interactions within the fer-
mented matrix (Marsh et al., 2014; Villarreal-Soto et al.,
2018). However, because fermentation activity, organic
acid production, and microbial tolerance mechanisms
were not directly evaluated, the observed bacterial
profiles should be interpreted as sample-level varia-
tion in relative abundance rather than evidence of
causal microbial changes or sustained fermentation
performance. The roselle kombucha matrix may also
contribute to the microbial environment because ro-
selle calyces contain organic acids, anthocyanins, phe-
nolic acids, and flavonoids, while kombucha fermenta-
tion produces organic acids, ethanol, carbon dioxide,
and other metabolites (Izquierdo-Vega et al., 2020; Vil-
larreal-Soto et al., 2018; Wang et al., 2022). Neverthe-
less, specific interactions between roselle constituents
and ES were not directly evaluated; therefore, this ex-
planation remains literature-based and requires fur-
ther investigation.

Fungal community profiles showed sample-level
differences among the analyzed samples. In untreated
KR, Dekkera was the most prominent fungal genus.
Dekkera/Brettanomyces has been reported in wine and
other fermented systems, particularly in acidic and
ethanol-containing environments (Oelofse et al., 2008);
however, these reports should not be interpreted as di-
rect evidence for roselle kombucha. In KR+ES 6 h, Dek-
kera remained overwhelmingly dominant, whereas in
KR+ES 72 h, Zygosaccharomyces showed higher relative
abundance and Dekkera remained detectable. Zygosac-
charomyces is frequently reported in kombucha fermen-
tation and acidic fermented environments (Wang et al.,
2022). Because fermentation activity, volatile metabo-
lite production, and functional properties were not di-
rectly evaluated, these results should be interpreted as
differences in fungal relative abundance rather than
evidence of causal fungal changes or maintained fer-
mentation performance.

Overall, KR+ES showed lower culturable bacterial
and fungal counts and sample-level differences in bac-
terial and fungal community profiles at selected post-
treatment time points. Similar variation has been re-
ported in fermented foods and beverages differing in
substrate, formulation, and physicochemical charac-
teristics (Delgado-Ospina et al., 2022). However, be-
cause time-matched untreated controls, formulation
controls without eugenyl salicylate, ultrasound con-
trols, ES dose-response treatments, and biological rep-
lication for sequencing were not included, these find-
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ings should not be interpreted as evidence of microbial
adaptation, tolerance, survival advantage, or causal
microbial restructuring.

Nonetheless, these results should be interpreted
within the limitations of the current experimental de-
sign. This study compared culturable microbial counts
between KR and KR+ES and explored SCOBY-
associated bacterial and fungal community profiles at
selected post-treatment time points. Because time-
matched controls, vehicle-matched controls, Tween-
80-only controls, ES dose-response treatments, and bi-
ological replication for sequencing were not included,
the observed microbial differences should not be con-
sidered conclusive evidence of the isolated effect of eu-
genyl salicylate. The TPC assay included only technical
replicates from one experimental sample per treat-
ment, and qPCR was not performed to estimate abso-
lute bacterial or fungal abundance. Organic acids, sug-
ars, ethanol, phenolics, anthocyanins, antioxidant ac-
tivity, sensory attributes, and pathogen challenge or
other safety-related tests were not evaluated.

Therefore, the possible contribution of Tween-80,
concentration-response relationships, minimum effec-
tive concentration, effects on fermentation perfor-
mance, sequencing reproducibility, safety, and statisti-
cal treatment could not be determined. Additional
studies should include TPC and 165/ITS analyses at
comparable time points, matched vehicle controls,
Tween-80-only controls, ultrasound-only controls, bio-
logical replication for both TPC and sequencing, qPCR-
based absolute quantification, and ES dose-response
experiments.

Predictive ADME and toxicity analyses were not
performed in this study. Future studies may combine
validated quantitative chemical profiling with in silico
ADME/toxicity prediction to provide additional infor-
mation on potential pharmacokinetic behavior and
toxicity-related endpoints.

CONCLUSION

This study indicated that roselle kombucha could
serve as a matrix for an initially characterized eugenyl
salicylate-containing nanoemulsion. Under the tested
conditions, KR+ES was associated with lower cultura-
ble bacterial and fungal counts and descriptive differ-
ences in SCOBY-associated 16S/ITS microbial profiles.
Because biological replication for sequencing, matched
vehicle controls, dose-response treatments, storage sta-
bility testing, safety assessment, and functional activity
assays were not performed, the findings should be in-
terpreted as preliminary descriptive evidence. These
findings should not be interpreted as evidence of a spe-
cific antimicrobial effect, microbial adaptation, safety,
stability, or functional performance. Further controlled
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studies are required before the practical application of
KR+ES can be established.
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Supplementary data

Table S1. Sequencing quality summary of bacterial 16S rRNA amplicon data.

Eugenyl salicylate-kombucha profiling

. . . . Non-
Sample Read Read quality  Chimera Chimeric chimeric ASV count Rarefaction depth
depth threshold rate reads
reads

KR 99974 maxN = 0; 19.94% 15,913 63,878 16 63,878

maxEE=2;
KR+ES 6 h 99975 truncQ=2, 7.76% 6,387 75,966 16 63,878

according to

the DADA2
KR+ES 72 h 99966 12.26% 9,812 70,225 19 63,878

workflow

Note: Read depth represents trimmed reads. Chimera rate was calculated from the DADA2 read processing summary. Non-chimeric reads were used
for downstream taxonomic analysis. ASV count represents observed ASVs. Rarefaction depth was assigned based on the lowest non-chimeric read

count.

Table S2. Sequencing quality summary of fungal ITS amplicon data.

. . . . Non-
R R h h . . .
Sample ead ead quality  Chimera Chimeric chimeric ASV count Rarefaction depth
depth threshold rate reads
reads
KR 3304 maxN = 0; 0.00% 0.00 2,750 7 2,750
h maxEE =2; 0
KR+ES 6 63682 truncQ =2, 0.00% 0.00 60,767 7 2,750
according to
KR+ES72h 21966 the DADA2 0.00% 0.00 18,807 7 2,750
workflow

Note: Read depth represents trimmed reads. Read quality filtering followed the DADA2 workflow. Chimera rate was calculated from the DADA2 read
processing summary. Non-chimeric reads were used for downstream taxonomic analysis. ASV count represents observed ASVs. Rarefaction depth was
assigned based on the lowest non-chimeric read count among the analyzed fungal ITS samples.
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Table S3. ASV abundance and taxonomic assignment table for bacterial 16S rRNA amplicon sequencing.

Eugenyl salicylate-kombucha profiling

No ASV KR :R+ES'G ::;-ES_ Kingdom Phylum Class Order Family Genus Species
1 ASV1 7160 41372 10959 Bacteria Bacillota Bacilli Lactobacillales Lactobacillaceae Liquorilactobacillus

2 ASV10 623 381 1467 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Komagataeibacter

3 ASV11 1289 280 344 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Gluconacetobacter GIUZZZZ;ZS:IZCW
4 ASV12 195 197 529 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Acetobacter

5 ASV13 395 137 350 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Acetobacter

6 ASV14 272 180 417 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Acetobacter Acetobacter syzygii
7 ASV15 65 0 68 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Acetobacter

8 ASV16 0 48 0 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae

9 ASV18 0 0 13 Bacteria Pseudomonadota Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas

10 ASV19 11 0 0 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Gluconobacter

11 ASV2 24671 | 9384 24816 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Komagataeibacter

12 ASV20 0 0 9 Bacteria Pseudomonadota Alphaproteobacteria Caulobacterales Caulobacteraceae Brevundimonas

13 ASV21 0 0 9 Bacteria Actinomycetota Actinobacteria Pseudonocardiales Pseudonocardiaceae Pseudonocardia

14 ASV22 0 3 0 Bacteria Pseudomonadota Alphaproteobacteria Rhodobacterales Paracoccaceae

15 ASV23 0 0 3 Bacteria Actinomycetota Actinobacteria Micrococcales Brevibacteriaceae Brevibacterium

16 ASV3 9820 4571 12344 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Komagataeibacter

17 ASV4 4625 4854 3192 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Acetobacter

18 ASV5 1391 8295 2099 Bacteria Bacillota Bacilli Lactobacillales Lactobacillaceae Liquorilactobacillus

19 ASV6 4077 2008 4754 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Komagataeibacter

20 ASV7 3250 2007 4873 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Komagataeibacter

21 ASV8 3830 1622 3040 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Acetobacter

22 ASV9 2204 613 939 Bacteria Pseudomonadota Alphaproteobacteria Acetobacterales Acetobacteraceae Gluconobacter

Note: The table presents read counts assigned to each amplicon sequence variant (ASV) in untreated roselle kombucha (KR), roselle kombucha supplemented with eugenyl salicylate nanoemulsion for 6 h (KR+ES 6 h), and roselle kombucha supplemented with eugenyl
salicylate nanoemulsion for 72 h (KR+ES 72 h). Taxonomic assignments are shown from kingdom to species level when available. Blank species-level entries indicate that species-level identification was not available for the corresponding ASV.
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Table S4. ASV abundance and taxonomic assignment table for fungal ITS amplicon sequencing.

Eugenyl salicylate-kombucha profiling

+ +
No. | ASV KR z: ES_ K:z:s Kingdom | Phylum Class Order Family Genus Species
. . Dekkera
1 ASV1 2051 | 48404 3384 Fungi Ascomycota Saccharomycetes Saccharomycetales Pichiaceae Dekkera .
bruxellensis
. Saccharomycetacea B Issatchenkia
2 ASV10 | 13 0 0 Fungi Ascomycota Saccharomycetes Saccharomycetales Issatchenkia . .
e orientalis
3 ASV11l | 0 4 0 Fungi Ascomycota Sordariomycetes Hypocreales Cordycipitaceae Gamszarea
4 ASV12 | O 0 2 Fungi Basidiomycota Wallemiomycetes Wallemiales Wallemiaceae Wallemia
. I Dekkera
5 ASV2 402 9199 746 Fungi Ascomycota Saccharomycetes Saccharomycetales Pichiaceae Dekkera .
bruxellensis
h Z h
6 ASV3 0 10 9506 Fungi Ascomycota Saccharomycetes Saccharomycetales 2GCC aromycetacea Zygosaccharomyces e}s/ %t;ss;;:u:romy ¢
. h Z h
7 ASV4 48 0 4868 Fungi Ascomycota Saccharomycetes Saccharomycetales ,:acc aromycetacea Zygosaccharomyces e}s/ %?ssggfu:mmy ¢
. . Dekkera
8 ASV5 119 2898 206 Fungi Ascomycota Saccharomycetes Saccharomycetales Pichiaceae Dekkera .
bruxellensis
. . Dekkera
9 ASV6 0 229 0 Fungi Ascomycota Saccharomycetes Saccharomycetales Pichiaceae Dekkera .
bruxellensis
10 ASVT 102 23 78 Fungi Ascomycota
11 ASV8 0 0 17 Fungi Ascomycota
12 ASV9 15 0 0 Fungi Ascomycota

Note: Read counts are presented for each fungal ITS ASV across the analyzed samples. Taxonomic assignments are shown from kingdom to species level when available. Blank entries indicate unavailable taxonomic classification
at the corresponding level.
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