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(EE) is an antibacterial
substance used as an eco-friendly cleaner. Although
EE applications have been widely studied, microbial
through 16S and ITS
This  study
characterized bacterial and fungal biodiversity in

orange (Citrus sinensis) and pineapple (Ananas

Eco-enzyme organic

diversity identification

metabarcoding remains limited.

comosus) peel-derived EE using metabarcoding of
the 16S and ITS regions. EE samples were prepared
using a 1:3:10 ratio of molasses, organic waste, and
water, then fermented for 3 months. DNA was
extracted, amplified with universal 16S and ITS
primers, and confirmed by gel electrophoresis.
Sequencing was conducted by the Integrated
Genomic Factory (IGF) using Oxford Nanopore
Technology (ONT), and data were analyzed in
RStudio.

species, while orange EE contained 9 species within

Pineapple EE contained 10 bacterial

the top 10 most abundant species detected (out of
a total of 71 species in pineapple EE and 54 species
in orange EE).
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INTRODUCTION
Background

Waste has been a pressing issue in Indonesia, gaining international traction. This ongoing problem is
clear in the lack of a waste procurement system, whereby all types of waste are piled into landfills, awaiting
subsequent incineration. Although recycling plants exist in Indonesia, they do not meet international
standards, as recyclable waste is insufficiently processed, with food waste being the most concerning due to
Indonesia’s growing population (Tamba et al., 2025).

Driven by ongoing demographic expansion in Indonesia, municipal food waste processing has
become an increasingly urgent priority. As the largest contributor of food waste across Southeast Asia,
emitting over 20 million tonnes yearly, Indonesia presents significant potential for food waste processing,
where Eco-enzymes have a leading role (Aaron & Budiman, 2025). Eco-enzymes (EEs)—fermented liquid
products derived from organic waste—have strong potential for food waste processing through organic
degradation and microbial biotransformation. Since EEs are made from organic waste (fruits, vegetables,
dried plants, and flowers), they have the potential to reduce food waste and associated pollutants in
landfills. Additionally, EEs can be used as a common household cleaning product, as the byproducts formed
in EEs can act as a potent disinfectant. For instance, EEs can be used as dish detergent, soap/shampoo, and
floor detergent. Other than household cleaners, EEs can be used on a larger industrial scale, such as for
sludge water treatment in lakes or ponds, fertilizers, and as natural decomposers in landfills (Muliarta et al.,
2023). Therefore, effective food waste management through EE production supports circular economy
principles and promotes sustainable environmental health (Kim et al., 2022).

Numerous studies have explored the antibacterial potential of EE using a range of fruit and
vegetable peels, including orange, green mustard, mango, papaya, and pineapple (Natasya et al., 2023).
Orange peels are known for their rich phytochemical composition, which includes polyphenols, flavonoids,
essential oils, pigments, carbohydrates, and vitamin C. Additionally, the naturally acidic nature of oranges
enhances their potency as an antibacterial agent, as orange EEs typically have a very low pH of around
2.98-3.01 (Ismail et al., 2023; Suri et al., 2022). On the other hand, pineapples contain phytochemical
compounds such as polyphenols, flavonoids, saponins, tannins, and bromelain, which are known for their
antibacterial properties (Hikal et al., 2021). Among these, gallic acid in pineapple peels exhibits remarkable
antifungal properties by inhibiting mycelial growth (EI-Nagar et al., 2020). Like oranges, the acidic nature of
pineapples creates an effective EE product with a relatively low pH of 3.48-3.50. In general, typical EE
production requires a 1:3:10 ratio of carbon source, organic material, and water. A high-water dilution
slightly increases the pH of EE, which is the ideal pH for effective disinfection and fertilizing. Although some
studies use a 1:3:5 ratio, the resulting pH of the EE products typically falls below 3. This pH value is more
effective for treating crude sanitation, such as aqua sludge, due to its highly acidic nature. However, it is
unsuitable for use as fertilizers, as the acidic conditions could harm plant growth (Ismail et al., 2023; Vidalia
et al., 2023).

Typically, bacterial populations in EEs are dominated by lactic acid bacteria (LAB) (Suriani et al.,
2023). Although acetic acid bacteria (AAB) are also present, their abundance is often overshadowed by LAB
(Lee, 2023). Understanding the microbial profile of EE produced from orange and pineapple peels (two of
the most widely generated fruit wastes in Indonesia) provides insight into the relationship between present
microbes and the substrate, which directly influences microbial growth and subsequent EE functionality.
Although it is clear that EEs have signs of microbial life that aid their functions, research on the microbial
diversity of EEs derived from controlled fruits, such as oranges and pineapples, is still underexplored.
Among studies on identifying bacterial communities in EEs using metabarcoding of the 16S region,
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Lacticaseibacillus paracasei is consistently found in EEs made with orange peels as one of the organic
materials. Furthermore, the genus with the most diverse species is Lentilactobacillus, including:
Lentilactobacillus buchneri, Lentilactobacillus hilgardii, Lentilactobacillus nagelii, Lentilactobacillus kefiri,
Lentilactobacillus otakiensis, Lentilactobacillus parabuchneri, and Lentilactobacillus rapi, also in EEs
produced with orange peels as one of the organic materials. Other genera found within EEs with orange
peels include: Limosilactobacillus, Liquorilactobacillus, and Acetobacter (Novianti et al., 2025b; Prakoso et
al., 2025; Suriani et al., 2023). On the other hand, the fungal diversity found within EEs is still widely
underexplored. A study found that EEs produced from mangosteens are likely to contain Pichia, Starmerella,
and Saccharomyces (Novianti et al., 2025b). Nevertheless, further studies are needed to identify the
microbial profile of commonly used fruit peel waste materials, such as orange and pineapple peels, to
provide more data on the potential of EEs.

There are multiple ways to identify species in an environment. A traditional method is identification
through  morphological and physiological assessments, which is observer-dependent and
culture-dependent. Therefore, with technological advancements in molecular techniques, multiple species
can be identified using environmental DNA (eDNA) metabarcoding (Roesma et al., 2025). eDNA
metabarcoding is commonly used for environmental diversity assessment, which is beneficial for ecological
and environmental monitoring in various water bodies and terrestrial environments. Metabarcoding targets
mixed DNA to identify multiple taxa simultaneously. This technology utilizes extracted eDNA samples that
are then amplified by PCR using primers, such as the universal primers 16S for bacteria and ITS for fungi.
These PCR products are further processed using next-generation sequencing (NGS), yielding diversity
categorized by taxon rank (Liang et al., 2025).

Currently, few studies have explored the microbial communities in EEs produced from orange and
pineapple peels. Understanding the microbial profile of the EEs provides insight into the microbes
responsible for producing the chemical properties of EEs through the chemical reactions they conduct.
Furthermore, comparing the two fruit-specific EE samples identifies which microbes are present, providing
information on which organic material is best for producing EEs. The use of eDNA metabarcoding enables
the detection of both living and dead microbes without the need for growing them in a lab. The versatility
of data obtained from metabarcoding enables further understanding of each individual microbe, combined
with chemical and enzymatic activity assays. In this study, eDNA metabarcoding is utilized to identify
bacterial and fungal diversity in orange EE and pineapple EE. Additionally, this study is among the first to
identify the bacterial and fungal profiles in EE produced from orange and pineapple peels in detail.

Properties, characteristics, and fermentation process of eco-enzymes

Dr. Rosukon Poompanvong, a Thai researcher who founded the Thai Organic Farming Association,
first introduced the application of EE. Dr. Poompanvong describes EE as an organic liquid produced from the
fermentation of organic wastes, such as fruits and vegetables. It is a brown liquid with a strong acidic aroma
resulting from fermentation (Novianti et al., 2025a). The type of organic matter, such as orange, pineapple,
or papaya, contributes to the antibacterial and antimicrobial properties of EE because of the existing
compounds within the fruits.

Fermentation of EE requires approximately 3 months (90 days) under both aerobic and anaerobic
conditions to achieve optimal byproduct formation. Studies show that the longer EE is fermented, the more
effective its antibacterial properties are, due to the lower pH resulting from accumulated organic acids.
Thus, low pH levels became the standardized parameter for an optimal EE product (Tivani et al., 2025). The
microorganisms involved in the fermentation process include both bacteria and yeast strains, where these

126


http://journal.i3l.ac.id/index.php/IJLS

Pudijanto & limi

two strains alternate between fermentation phases. LAB mostly occur under anaerobic conditions (first
phase), while AAB occur under aerobic conditions (second phase) (Soleha et al., 2023; Suriani et al., 2023).
Yeast strains, such as Saccharomyces cerevisiae, coexist within the system. Fermentation of S. cerevisiae
usually occurs during the initial phase of fermentation (first 30 days); during this stage, CO, is released.
Additionally, the presence of S. cerevisiae is evidenced by the white biofilm that forms on the liquid’s
surface, known as Pitera (Suriani et al., 2023). To prevent implosion caused by the reaction, CO, is
periodically released, which reintroduces outside air into the system.

On the 30" to 60" day of fermentation, the system shifts to aerobic conditions and predominantly
utilizes acetic acid bacteria (AAB). Since the system shifted to aerobic conditions, LAB fermentation
efficiency decreased, prompting a switch to AAB fermentation. Most AAB are Gram-negative bacteria that
ferment only under aerobic conditions (Brugnoli et al., 2024). Although optimal growth occurs around pH
5.0-6.5, growth is possible at pH 3.0—4.0 or lower. In the case of EE fermentation, the greater the acidity
and ethanol content during the first phase, the more favorable it is for AAB to convert ethanol to acetic acid,
a component essential for the EE’s disinfection characteristics. Oxygen supply during this stage is provided
through the gaps in the bottle cap and through the periodic opening of the cap to release CO,. The limited
oxygen supply from these methods is sufficient for AAB to convert ethanol to acetic acid (Hata et al., 2023).
By the 90" day, the fermentation process would have stabilized. AAB and LAB activity would have plateaued
as fermentable sugars were consumed. Furthermore, the accumulated organic acids generate the sour and
tangy aroma of EE, as indicated by the lower pH, which is around 3.0—4.0 or lower.

Microbial diversity of fruit-specific derived eco-enzyme

The fermentation process of EE is orchestrated by the microbes present in the fruit, whether in the
flesh or the peels. These microbes are responsible for the organic acid content within the final EE product.
According to previous studies, naturally acidic fruits tend to produce higher lactic acid levels, resulting in an
EE product with a lower pH than usual; orange EE has higher lactic acid content than pineapple EE (Ismail et
al., 2024). Most studies on the microbial diversity of EE yield inconsistent results because the organic media
used to produce EE differ. Nevertheless, studies that use the same or similar media tend to yield similar
results. One of the most common media used in EE production is oranges and pineapple, as these two fruits
are abundant, particularly in tropical countries. Microbial diversity studies of EE by Prakoso et al. (2025) and
Suriani et al. (2023) both utilize orange and pineapple peels as components of their EE. However, in Suriani
et al. (2023), additional components were used, namely watermelon and two other fern species. Prakoso et
al. (2025) reported that the top three genera of EE derived from oranges and pineapples are
Lacticaseibacillus, Lentilactobacillus, and Acetobacter. Whereas Suriani et al. (2023) stated that the top
three genera are Lentilactobacillus, Limosilactobacillus, and Liquorilactobacillus. Additionally, the two
journals report similar results, as both identified Lacticaseibacillus, Paucilactobacillus, Pediococcus, and
Secundilactobacillus. However, only Lacticaseibacillus paracasei is found in both journals, whereas all other
species reported in each journal differ.

Unfortunately, due to the limited research on the diversity of yeasts and fungi in EE, relatively few
studies have characterised yeast and fungal communities in EE. However, it can be assumed that
Saccharomyces cerevisiae, Torulaspora delbrueckii, and Metschnikowia pulcherrima should be present in EE,
as these three species can tolerate ethanol. Notably, Torulaspora delbrueckii and Metschnikowia
pulcherrima tolerate at least 16% ethanol (Aiello et al., 2024; Ranganathan et al., 2024).
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MATERIALS AND METHODS
Materials

A total of 1000 mL of fermented EE liquid samples were prepared in the laboratory using orange
and pineapple peels with molasses as the carbon source (1:3:10 ratio) and fermented for three months.
DNA extraction used the Zymo Research Quick-DNA Soil/Fecal Miniprep Kit, which includes the bashing
bead, Zymo-spin IlI-F, Zymo-spin IICR, Zymo-spin IlI-HRC, collection tubes, bashing bead buffer, genomic lysis
buffer, DNA pre-wash buffer, g-DNA wash buffer, prep solution, and elution buffer. Additionally,
nuclease-free water (NFW) was used for dilution. The DNA amplification and visualisation, uses MyTaq DNA
Polymerase, NFW, the universal 16S primers: 27F (5-AGAGTTTGATCCTGGCTCAG-3’) and 1492R
(5’-TACGGT-TACCTTGTTACGACTT-3’) (Dos Santos et al.,, 2019), and the universal ITS primers: ITS1
(5’-TCCGTAGGTGAACCTGCG-3’) and ITS4 (5-TCCTCCGCTTATTGTATGC-3’) (White et al.,, 1990), agarose
powder, Tris-Borate-EDTA (TBE), fluorescence, 6x DNA loading dye, and 100kb DNA ladder.

Methods
EE fermentation and extraction

The ratio for making eco-enzymes follows the standard protocol of 1:3:10 (carbon source: organic
waste: water), wherein 100 g of molasses requires 300 g of organic material and 1000 g of mineral or
distilled water (Novianti et al., 2025a). These are then placed at room temperature away from the sun for
three months. After three months, the eco-enzymes are harvested with coffee filters to filter sediments into
the plastic bottles. The samples were taken to the Microbiology Laboratory at Universitas Gadjah Mada for
DNA extraction, amplification, and visualization, which were performed individually. Organoleptic
properties, including color and aroma of the final EE products, were evaluated visually and olfactorily.

DNA extraction and amplicon sequencing

The DNA of the samples was then extracted using the Zymo Research Quick-DNA Soil/Faecal
Miniprep Kit with NFW as the solvent. The DNA extracts were assessed individually for purity using a
NanoDrop spectrophotometer, ensuring evident concentration and absorbance in accordance to
Garcia-Alegria et al. (2020). DNA amplification uses a PCR reaction with the universal 16S primers: 27F
(5’-AGAGTTTGATCCTGGCTCAG-3’) and 1492R (5’-TACGGT-TACCTTGTTACGACTT-3’) (Dos Santos et al., 2019)
and the universal ITS primers: ITS1 (5-TCCGTAGGTGAACCTGCG-3’) and ITS4 (5’-TCCTCCGCTTATTGTATGC-3’)
(White et al.,, 1990). The PCR reaction’s temperature and cycle parameters were adjusted according to
White et al. (1990). The PCR amplicons were then processed and visualized through gel electrophoresis with
100 bp DNA ladder for 30 minutes at 50 V, with an additional 5-10 minutes at the same voltage. DNA
concentration after purification was determined using a Qubit Fluorometer 4.0 with the Equalbit 1x dsDNA
HS Assay Kit to assess its quality for metabarcoding. Samples were designated as 16s-Jeruk (orange EE 16S),
16s-Nanas (pineapple EE 16S), ITS-J4 (orange EE ITS), and ITS-N3 (pineapple EE ITS).

Bioinformatics and statistical analysis

The PCR products were sent to the Integrated Genomic Factory (IGF) for sequencing. This method
was performed using Oxford Nanopore Technology (ONT) using PromethlON, adjusted using Ligation
sequencing amplicons - Native Barcoding Kit 96 V14 (SQK-NBD114.96). DNA sequences were filtered to
check for its quality with NanoPlot (De Coster & Rademakers, 2023). Data analysis was conducted through
IGF, which provides the necessary data files (FASTQ) for further processing; the sequencing data were
analyzed using EPI2ME. The EPI2ZME wf-16S v1.6.0 workflow used the Kraken2 algorithm and
ncbi_16s_18s_28s_ITS database, which contains 16S, 18S, 28S, and ITS marker sequences that correspond
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to bacteria, archaea, and fungi. The reads were filtered to 1300 bp — 1600 bp to target the 16S amplicons,
while the target for the ITS amplicons was filtered to 400—-800 bp. NanoPlot reports are used to justify the
quality of the results. Further processing of the data was carried out using RStudio 2025.09.2+418
“Cucumberleaf Sunflower” Release for Windows. The downloaded packages to generate the bar plot
diagram include readr (v2.2.0), ggplot2 (v4.0.2), tidyverse (v2.0.0), ggsci (v.4.2.0), ggrepel (v0.9.8), and
patchwork (v1.3.2). Meanwhile, the necessary packages for generating the Sankey diagrams include readr
(v2.2.0), ggplot2 (v4.0.2), tidyverse (v2.0.0), ggsci (v4.2.0), ggrepel (v0.9.8), patchwork (v1.3.2), devtools
(v2.5.0), and install davidsjobers/ggsankey from GitHub.

RESULTS
Electrophoresis and quality check

The organoleptic results of the final EE products indicate that both the orange EE and the pineapple
EE resulted in a dark brown color. Furthermore, the aroma of both EE products is sour. The pineapple EE has
a slightly sweeter scent than the orange EE, which is tangier. Additionally, High-quality genomic DNA was
successfully extracted from both orange and pineapple EE samples prior to metabarcoding sequencing; DNA
purity and concentration were confirmed to be suitable for downstream sequencing (orange EE: 26.4 ng/uL,
A260/A280 = 1.79; pineapple EE: 38.5 ng/uL, A260/A280 = 1.86). The initial gDNA concentrations were 26.4
ng/uL (orange EE) and 38.5 ng/uL (pineapple EE), while post-purification 16S amplicon concentrations
reached 70.20 ng/uL and 39.60 ng/uL, respectively.

C D
1500 bp 1000 bp
500 bp

Figure 1. Shows the agarose gel electrophoresis of 16S and ITS PCR amplicons (Lane L: Marker; Lane 1: Orange EE; Lane
2: Pineapple EE). (A) Orange EE; (B) Pineapple EE; (C) 16S electrophoresis; (D) ITS electrophoresis

Bacterial diversity of orange eco-enzyme and pineapple eco-enzyme

The bacterial profile obtained through 16S metabarcoding in this study does not represent absolute
diversity but rather reflects relative diversity influenced by sequencing quality, depth, and the completeness
of the reference databases used for taxonomic assignments. Therefore, the detected community should be
interpreted with caution. Additionally, only 0.03% of the sequences were classified as unknown, indicating a
relatively high taxonomic resolution within the available database constraint. The data indicate that relative
abundance analysis using 100% stacked bar plots revealed distinct microbial community compositions
across taxonomic ranks.

The bar plot in Figure 2 shows differences at the phylum, class, order, and family levels between the
16s-Jeruk and the 16s-Nanas. Firmicutes was the dominant phylum in both EEs, with 16s-Jeruk exhibiting a
higher relative abundance of Proteobacteria than 16s-Nanas. The bar plot shows that for the 16s-Jeruk,

129


https://github.com/davidsjoberg/ggsankey

Indonesian Journal of Life Sciences

Vol. 08 | Number 02 | September 2026

Bacillota accounted for 98.94% of the overall relative abundance and 0.72% of Pseudomonadota.

Essentially, Pseudomonadota is also considered irrelevant, as its relative abundance did not exceed 1%. In

contrast, the 16s-Nanas have fewer Bacillota at 78.50%.

However, there is a marked difference in the

relative abundance of Pseudomonadota, with the 16s-Nanas detecting 21.05% of the overall relative
abundance. This trend continues to lower taxon levels, wherein in the class rank the dominant relative

abundance in the 16s-Jeruk is still Bacilli at 98.94%; while, the abundance of Alphaproteobacteria is only

0.69%. Whereas the 16s-Nanas both Bacilli and Alphaproteobacteria have a relative abundance percentage
of 78.48% and 21.05%, respectively. In the order rank, the dominant relative abundance in 16s-Jeruk
remains Lactobacillales at 98.94%; while Acetobacterales have a relative abundance of 0.68%. In 16s-Nanas,

Lactobacillales covers 78.29% of the relative abundance, while Acetobacterales covers 21.05%. In the family

rank, the dominant relative abundance in 16s-Jeruk is Lactobacillaceae at 98.88% of the relative abundance

and Acetobacteraceae at 0.68%. Meanwhile, in 16s-Nanas, Lactobacillaceae covers 78.26% of the relative

abundance, while Acetobactaceae covers 21.04%.
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Figure 2. Relative microbial abundance at the (A) Phylum, (B) Class, (C) Order, and (D) Family levels for 16s-Jeruk and

16s-Nanas based on 16S metabarcoding.
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Like the 16s-Jeruk sample, the 16s-Nanas sample is dominated by LAB because the
Acetobacteraceae is less abundant than the Lactobacillaceae. Moreover, there is a relatively higher
abundance of Acetobacteraceae in 16s-Nanas than in 16s-Jeruk, suggesting that acetic acid production is
present. Given the low abundance of the family Acetobacteraceae in 16s-Jeruk, it can be assumed that the
fermentation process favours bacteria that can tolerate anaerobic conditions or low oxygen levels. Although
it can also be assumed that orange (C. sinensis) peels are more likely to be inhabited by bacteria of the
Lactobacillaceae family, considering that there is a difference between these two families in the 16s-Nanas
sample. According to several studies, orange (C. sinensis) peels have been widely used as a substrate for
fermentation because microorganisms are known for their high tolerance to acidity. Furthermore,
controlled fermentation studies demonstrated that orange (C. sinensis) peels serve as a favorable medium
that selectively enriches for LAB, members of the Lactobacillaceae family (Razola-Diaz et al., 2024; Sumarlin
et al.,, 2022).

Typical visualizations of species diversity are clearer with Sankey diagrams (Platzer et al., 2018).
Sankey diagram analysis illustrated the taxonomic flow from genus to the top 10 species by relative
abundance in 16s-Jeruk and 16s-Nanas shown in Figure 3. As seen in the first node (domain), the assigned
bacterial reads in 16s-Jeruk totals to 425,636, which is higher than 16s-Nanas, which only totals 247,032.

Looking at the fourth node(genus) of the 16s-Jeruk sample in Figure 3a, there are 5 identified
genera: Olisthonema (734), Ligilactobacillus (1786), Lentilactobacillus (1880), Lactobacillus (417,329), and
Acetobacter (2796). Meanwhile, only 3 genera are identified in the 16s-Nanas sample: Ligilactobacillus
(650), Lentilactobacillus (192,643), and Komagataeibacter (51,859). The genera that are found among both
samples are Ligilactobacillus and Lentilactobacillus, as shown in Figure 3b. The fifth node shows the top 10
species in both samples. For 16s-Jeruk, only 9 species are identified in the environment, fewer than in
16s-Nanas. The dominating species in 16s-Jeruk is Lactobacillus acetotolerans (416,777). The number of
other detectable species in 16s-Jeruk is incomparable to that of the dominant species. The 8 remaining
identified species in 16s-Jeruk, shown in Figure 3a, are Acetobacter oryzoeni (2,058), Lentilactobacillus
buchneri (1,436), Ligilactobacillus aviaries (1,228), Olisthonema eestii (734), Ligilactobacillus salivarius
(487), Lactobacillus johnsonii (437), Lentilactobacillus parafarraginis (390), and Acetobacter tropicalis (290).
Meanwhile, Figure 3b depicts the 16s-Nanas, which harbors 3 dominant species: Lentilactobacillus buchneri
(166,579), Komagataeibacter saccharivorans (51,730), and Lentilactobacillus parafarraginis (15,691). The
diagram shows the remaining 7 species among the top 10 in 16s-Nanas. These species include:
Lentilactobacillus parabuchneri (2550), Lentilactobacillus fungorum (1873), Lentilactobacillus farraginis
(1135), Lentilactobacillus kefiri (1223), Lentilactobacillus parakefiri (550), and Ligilactobacillus aviaries (466).

Both bar plot and Sankey analyses indicated that orange EE supported Lactobacillus species,
whereas pineapple EE predominantly supported Lentilactobacillus species. Additionally, although both
exude a prominent environment for the growth of species within the Acetobacteraceae family, the
abundance of Komagataeibacter saccharivorans in the pineapple EE greatly surpasses the abundance of
Acetobacter sp. in the orange EE.
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Figure 3. (A) Sankey diagram of the abundance flow of (A) 16s-Jeruk and (B) 16s-Nanas based on metabarcoding
assessment of the 16s region

Fungal diversity of orange eco-enzyme and pineapple eco-enzyme

Only one repetition was done for this research; hence, the fungal profile is in accordance with the
sequencing depth and platform accuracy. Fungal metabarcoding similarly revealed distinct taxon
distributions between orange and pineapple EEs, with orange EE demonstrating higher genus diversity.
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The barplot diagram shows the relative fungi abundance of ITS-J4 and ITS-N3 at the phylum, class,
order, and family ranks. At the phylum rank in Figure 4a, the dominating phylum for ITS-J4 and ITS-N3 is
Ascomycota at 99.25% and 99.22%, respectively. Other taxa in the phylum rank of the orange EE were
identified, such as Bacillota, Basidiomycota, Blastocladiomycota, and Mucoromycota, all of which have a
relative abundance of less than 0.50%. Furthermore, the trend for ITS-N3 remains consistent down the
taxon rank, as there are only two identified (one of which is unknown) taxa in the ITS-N3. Onwards to the
class rank shown in Figure 4b, which shows that ITS-J4 shows 3 dominant classes, which are
Dipodascomycetes (13.16%), Pichiomycetes (62.40%), and Saccharomycetes (23.33%). Furthermore, there
are 8 more identified classes in the orange EE, such as Agaricomycetes and Mucoromycetes, which have a
relative abundance of less than 0.50%. Meanwhile, the ITS-N3 is only dominated by Pichiomycetes
(99.22%). Going down to the order rank in Figure 4c, there are 3 dominant orders in ITS-J4, which are
Dipodascales (13.16%), Pichiales (62.40%), and Saccharomycetales (23.33%). Additionally, the barplot
reports that there are an additional 12 orders in the ITS-J4, including Agaricales, Bacillales, and Mucorales,
which have a relative abundance of less than 0.50%. On the other hand, the ITS-N3 is only dominated by
Pichiales (99.22%). At the family rank recorded in Figure 4d, the 3 dominant families in ITS-J4 are Pichiaceae
(62.30%), Saccharomycetaceae (23.33%), and Trichomonascaceae (13.16%). The barplot also suggests that
ITS-J4 contains 13 additional families with relative abundances of less than 0.50%, which include
Apiosporaceae, Blastocladiaceae, and Phanerochaetaceae. In contrast, ITS-N3 is only dominated by
Pichiaceae (99.22%). This barplot shows that ITS-J4 has greater microbial diversity than ITS-N3.

From the barplot, it can be concluded that ITS-J4 has greater observed taxonomic richness than
ITS-N3. Throughout the taxon ranks, ITS-N3 only shows 2 different taxa, one of which is an unidentified
taxon.
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The Sankey diagram shows the abundance flow of the top 10 most abundant fungal taxa in the
ITS-J4 and ITS-N3 samples. The first node (Domain) in Figure 5a shows that ITS-J4 has 2 identified domains:
Eukaryota (540,082) and Bacteria (347). Within the Bacteria domain, only 1 genus and species were
identified: Staphylococcus canis (347). In the Eukaryota domain, 6 genera and 8 species were identified. The

6 genera include: Zygosaccharomyces (126,832), Wickerhamiella (203), Starmerella (71,259), Pichia

(339,242),

Zygosaccharomyces bailii

Phaeococcomyces

(1,774),
(126,832),

and Lamelloclavaria
Wickerhamiella qilinensis (203), Starmerella stellata (70,513),

(351). The 8 species found were

Starmerella davenportii (235), Pichia manshurica (339,000), Pichia kudriavzevii (180), Phaeococcomyces
rothmanniae (1,774), and Lamelloclavaria petersenii (351). In Figure 5b, ITS-N3 is dominated by 1 genus and
1 species each. Its fungal/Eukaryota-assigned sequencing reads, according to the first node (Domain:
Eukaryota), totals 581,173, slightly higher than that of ITS-J4. Within the ITS-N3 Domain Eukaryota, only the
genus Pichia was identified. Furthermore, only 3 species were found among Pichia: Pichia manshurica
(11,622), Pichia kudriavzevii (569,539), and Pichia cecembensis (12).
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These Sankey diagrams indicate that the orange EE has greater fungal microbial diversity than the

pineapple EE. The program used to construct the Sankey diagram detected only 4 species (1 unclassified) in
the pineapple EE. However, the microbial abundance in the pineapple EE is greater than in the orange EE.
Although several more tests are needed to prove that pineapple is a suitable medium for Pichia growth,

these results suggest it is.
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DISCUSSION

The high abundance of L. acetotolerans in orange EE is likely due to the nature of this species being
highly tolerant to low pH and high acetic acid concentrations in the environment. L. acetotolerans is a
Gram-positive bacterium, belonging to the family Lactobacillaceae, characterized by its thick peptidoglycan
cell wall. Lentilactobacillus acetotolerans exhibit optimal growth within pH 3.3-6.6 and maintain acid
tolerance under the acidic EE environment (pH < 4.0) (Goto et al.,, 2018). This species is capable of
withstanding 4-11% acetic acid at pH 3.5-5.0, demonstrating strong adaptation to high organic acid
concentrations (Wang et al., 2021). Moreover, a study by Zheng et al. (2020) mentions that Lactobacillus sp.
and Lentilactobacillus sp. are more likely to be associated with already acidic, acetic acid-rich environments.
Instead, Zheng et al. (2020) report that the genera Weisella, Leuconostoc, and Lactiplantibacillus (in
16s-Nanas) are more likely to be associated with rapid sugar fermentation and early acidification. The
dominance of L. acetotolerans indicates that the progressive accumulation of organic acids during
fermentation pressures natural selection on microbial life. Under these conditions, only taxa that have high
tolerance for low pH and high organic acid concentrations can prevail in the environment. Therefore, L.
acetotolerans, Acetobacter sp., and Komagataeibacter sp. can persist under these conditions (Nakano &
Ebisuya, 2016). However, the low abundance of the genera Acetobacter and Komagataeibacter (0.9% of the
overall proteobacterial group containing these taxa) is likely due to extremely low oxygen availability, which
constrains their survival in the environment.

According to the GTDB taxonomy system, members of the phylum Pseudomonadota for the
pineapple EE have a relatively higher abundance of 21.00%. Within this kingdom, the dominant genus is
Komagataeibacter (51,854), followed by other genera. The relative abundance difference between
Komagataebacter and Acetobacter is most likely attributable to the fermentation process. Although
Komagataeibacter and Acetobacter are closely related acetic acid bacteria, which have overall similar
structures and characteristics, there is a slight difference in metabolism, in which this mechanism favors the
survivability of Komagataeibacter. Acetobacter and Komagataeibacter are both genera of acetic acid
bacteria, which both operate under aerobic conditions. However, the main difference between the two
genera is their ability to survive under highly acidic environments. Acetobacter can only withstand up to 6%
acetic acid. Meanwhile, Komagataeibacter can tolerate up to 14% acetic acid, exhibiting substantially higher
acid tolerance than Acetobacter (Wang et al., 2021). This is because their potential to utilize ethanol, which
affects the efficiency of central carbon metabolism, is different. Komagataeibacter possesses a more stable
pyrroloquinoline quinone-dependent alcohol dehydrogenase (PQQ-ADH), an enzyme used to convert
ethanol to acetic acid. Furthermore, the phospholipid layer of Komagataeibacter is more versatile
compared to that of Acetobacter, as it can rearrange and alter its composition to help the bacteria adapt to
harsher environments (Herrera-Rosero et al., 2025).

During the fermentation process, although both systems were conducted using identical methods,
there is a difference in the oxygen supply, as indicated by the state of the plastic bottles. During the
three-month fermentation, the bottles were never opened to provide the necessary aeration for anaerobic
fermentation. Therefore, the bottles crumpled over time, suggesting potential negative pressure likely
resulting from oxygen consumption during initial aerobic microbial activity. However, this occurred only
with the orange EE, whereas the pineapple EE remained unchanged throughout the fermentation period, as
seen in Figure 1. This suggests that there was sufficient gaseous exchange, thereby supplying sufficient
oxygen for the Acetobacteraceae to thrive while releasing CO, to prevent gas buildup. However, studies by
Prakoso et al. (2025) and Suriani et al. (2023) reported no detection of Komagataeibacter, despite both
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studies using pineapples as a key organic material in the EEs. Instead, in their studies, Acetobacter was the
dominant genus within the family Acetobacteraceae.

Unlike previous studies where Acetobacter dominated pineapple EEs, our detection of
Komagataeibacter suggests that variations in substrate composition and fermentation conditions
significantly influence Acetobacteraceae succession. The orange EE shows a higher total bacterial
abundance and greater genus diversity than the pineapple EE. This suggests a more selective yet
guantitatively enriched environment, dominated by highly acid-tolerant taxa, such as Lactobacillus
acetotolerans. Meanwhile, the pineapple EE supports a community with a lower overall abundance but a
more functionally diverse dominance, particularly with the genera Lentilactobacillus and Komagataeibacter.
The phytochemical conditions, including pH, organic acid accumulation, nutrient composition, and oxygen
availability, vary during fermentation, leading to differences between the two substrates. As a result,
microbial succession in both systems reflects ecological selection pressures, with only taxa with specific
adaptive traits persisting, confirming that substrate characteristics strongly influence microbiome structure
and metabolic functions (Wang et al., 2021).

Furthermore, there is a clear, significant difference between the fungal abundance of the orange EE
and the pineapple EE. This difference between the two EEs can be influenced by the fermentation process.
As mentioned previously, the bottles for the pineapple EE did not crumple throughout the entire
fermentation process. Meaning, there is insufficient gaseous exchange within the system; thus, a minimal
supply of oxygen for aerobic growth, a crucial step for optimal fungal growth (De Ligne et al., 2019).
However, some fungal species can adapt to low oxygen levels, such as Pichia, which is present and the most
abundant in both the orange EE and the pineapple EE, with P. manshurica as the dominant species in the
orange EE, while P. kudriavzevii is the dominant species in the pineapple EE. Pichia species are
stress-tolerant yeasts capable of growing under low oxygen and high ethanol conditions, which likely
contributed to surface biofilm formation (Garcia et al., 2019).

P. manshurica has been found in various food fermentations, typically in vinegar and wine
fermentations. However, the presence of P. manshurica in the medium is considered an indicator of spoilage
due to its putrid scent and taste (Koklu et al., 2024). Despite these negative characteristics, P. manshurica is
more desirable for cocoa bean fermentation. On the other hand, P. kudriavzevii shares the same resistance
to harsh conditions as P. manshurica. P. kudriavzevii is also used in many food fermentations, namely, in the
production of Chinese liquor, baiju (Wang et al., 2023). Furthermore, P. kudriavzevii is a common
environmental yeast species that can be pathogenic to people with weak immune systems (opportunistic
pathogen), with high mortality rates due to its resistance to fluconazole, an antifungal medication (Cooper,
2011; Fatril & Adawiyah, 2025).

ITS metabarcoding analysis of the orange EE reports that, in addition to P. manhsurica, 2 other
species with relatively high abundance are Zygosaccharomyces bacilii and Starmerella stellata. Additionally,
the diverse microbial life in the orange EE suggests that there is sufficient oxygen supply providing the
limited oxygen required during the initial microaerophilic phase prior to anaerobic fermentation, catering
for the optimal conditions for fungal growth. Like Pichia, Z. bailii and S. stellata are highly resistant to high
concentrations of alcohols and organic acids and can grow at low oxygen levels, though not as low as Pichia.
They are typically used in winemaking as natural flavor enhancers to improve wine quality (Ciani et al.,
2022; Garcia et al., 2018). This group is called a non-Saccharomyces genus (Pichia, Zygosaccharomyces, and
Starmerella), a yeast genus group typically used as a natural flavor enhancer in liquor production due to its
natural enzymatic activities, including lipase, glycosidase, protease, and cellulase (Xu et al., 2017).
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The same principle occurred within the fungal communities in EE as it did within the bacterial
communities in EE produced from orange and pineapple peels. The orange EE shows lower total fungal
abundance than the pineapple EE. However, the orange EE shows greater genus diversity than the
pineapple EE, which shows only Pichia. Additionally, the orange EE is dominated by highly acid-tolerant taxa,
such as Zygosaccharomyces, Starmerella, and Pichia. During fermentation, changes in pH, organic acid
accumulation, nutrient composition, and oxygen availability create a distinct phytochemical environment,
resulting in limited microbial succession in both systems and causing specific ecological pressures that
ensure taxa with specific adaptive traits persist. A limitation of this study is the reliance on a single
fermentation batch; therefore, future research should incorporate enzyme profiling, practical-use analyses,
and deeper ITS metabarcoding to further clarify EE applications.

CONCLUSION

16S metabarcoding analysis revealed distinct bacterial diversity profiles between the two fruit peel
EEs. Among the detected genera, Lentilactobacillus exhibited the highest species richness specifically in the
pineapple EE sample (8 species). In the orange EE sample, two species of Lentilactobacillus were identified,
namely L. parafarraginis and L. buchneri, although the most abundant species present was Lactobacillus
acetotolerans. In contrast, the pineapple EE sample contained a greater diversity within this genus, with
eight species detected: L. parakefiri, L. parafarraginis, L. parabuchneri, L. otakiensis, L. kefiri, L. fungorum, L.
farraginis, and L. buchneri. Furthermore, ITS metabarcoding-based fungal diversity analysis indicates that
the orange EE has higher diversity than the pineapple EE. The orange EE is dominated by three species: P.
manshurica (339,000), Z. bailii (126,832), and S. stellata (70,513). Whereas the pineapple EE is
predominantly composed of a single species, P. kudriavzevii (569,539). Based on these findings, future
research should include additional quantitative analyses, such as enzyme activity assays (protease, lipase,
and amylase), pH testing, and total plate count (TPC) measurements to ensure product quality, as well as
practical application testing of EE products. Moreover, further studies on ITS metabarcoding in EE products
are recommended to deepen the understanding of fungal diversity.
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