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Persimmon by-products are a promising source of bioactive ingredients that could be used for functional

food formulation and health promotion. The aim of this study was to investigate the microbiota modula-

tory properties of persimmon soluble and insoluble fibre fractions. For this purpose, an in vitro faecal fer-

mentation experiment was carried out and microbiota profiles were analysed by amplicon sequencing.

According to the results obtained, different persimmon fractions selectively promoted the growth of

potentially probiotic genera including Bacteroides, Megasphaera, Oscillibacter and Lachnospiraceae

members. Members of these taxa are important short-chain fatty acid (SCFA) producers showing statistical

associations with other members of the gut microbiota. The influence of raw material composition on the

fermentative profiles was also determined. Soluble non-starch polysaccharide (NSP) fractions rich in arabi-

nose and fucose promote Oscillibacter while insoluble NSP fractions led to an increase in Megasphaera.

The effect of phenolic molecules on the fermentative properties of persimmon substrates was also inves-

tigated. Faecal fermentation of soluble persimmon fractions led to higher production of indole-3-propio-

nic acid compared to insoluble fractions. These findings underscore the potential health benefits of

soluble fibre-rich persimmon by-products. Results presented here highlight the potential applications of

persimmon by-products to formulate prebiotic ingredients that selectively stimulate the growth of ben-

eficial gut commensals including next-generation probiotics.

Introduction

The popularity of persimmon (Diospyros kaki Thunb.) fruits has
increased markedly due to their potential health benefits,1

with over four million tons produced annually2 in countries
including China, Japan, and Spain. While comprehensive
global data on persimmon waste are limited, it is estimated
that approximately one-third of all food produced worldwide is

lost or wasted along the agri-food chain.3 In particular, the
losses of persimmon during harvest and postharvest processes
were estimated at 29.5% of the total produced volume.4

Persimmon fruits, particularly the Rojo Brillante variety, are
sold as fresh fruit and processed into preserves. Persimmon
juice is also a valuable product and a growing market. During
processing, approximately 20–30% of the fruit mass, mainly
peel and fruit fibre, is discarded as a by-product.5,6 Given the
high volume of persimmon waste, there is growing interest in
optimizing and valorising these by-products to create value-
added products, aligning with circular economy principles.
Persimmon by-products are rich in dietary fibre, particularly
insoluble fractions, and contain significant amounts of bound
polyphenols. According to Salazar-Bermeo et al.,5 the main
fibre components in persimmon by-products include cellulose,
hemicellulose, and pectin, with cellulose being the predomi-
nant fraction. This composition contributes to both the struc-
tural integrity and fermentability of the fibre matrix, making it
a promising substrate for gut microbial fermentation.

Dietary fibre constitutes a fundamental component of
human nutrition and is increasingly recognized for its multi-
faceted health benefits. It comprises non-digestible carbo-†These authors contributed equally to this work.

aRowett Institute, University of Aberdeen, Foresterhill, Aberdeen AB25 2ZD, UK.

E-mail: m.neacsu@abdn.ac.uk
bAndalusian Center of Molecular Biology and Regenerative Medicine (CABIMER),

Pablo de Olavide University, University of Seville, CSIC, 41092 Seville, Spain.

E-mail: lucia.lopez@cabimer.es, besclop@upo.es, gberamo@upo.es,

fmarber@upo.es
cBiomedical Research Network on Diabetes and Related Metabolic Diseases

(CIBERDEM), Instituto de Salud Carlos III, 28029 Madrid, Spain
dInstitute of Research, Development and Innovation in Sanitary Biotechnology of

Elche, Miguel Hernández University, 03202 Elche, Spain.

E-mail: bryan.morenoc@umh.es, julio.salazar@goumh.umh.es, nmarti@umh.es
eUniversity Institute of Food Engineering-FoodUPV, Universitat Politècnica de

València, Valencia, 46022 Valencia, Spain

2340 | Food Funct., 2026, 17, 2340–2356 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/2
8/

20
26

 1
2:

00
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

http://rsc.li/food-function
http://orcid.org/0000-0002-6098-895X
http://orcid.org/0000-0002-1191-0275
http://orcid.org/0000-0002-4263-2239
http://orcid.org/0000-0002-3875-2764
http://crossmark.crossref.org/dialog/?doi=10.1039/d5fo03495g&domain=pdf&date_stamp=2026-03-03
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo03495g
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO017005


hydrates and lignin that resist enzymatic digestion in the
small intestine and undergo fermentation in the colon.7 Fiber
is broadly categorised into soluble and insoluble types.
Soluble fibre dissolves in water to form viscous gels that modu-
late glucose and lipid absorption, while insoluble fibre adds
bulk to stool and facilitates intestinal transit.8 Both types con-
tribute to gut health, metabolic regulation, and chronic
disease prevention, including cardiovascular disease, type 2
diabetes, and colorectal cancer9 supporting the growth of ben-
eficial colonic microbes, the majority of which are anaerobes
that ferment fibre mainly to short chain fatty acids (SCFAs).10

Despite its importance, dietary fibre intake remains below
recommended levels in many populations. According to the
Dietary Guidelines for Americans 2020–2025, adults should
consume 14 grams of fibre per 1000 calories, which translates
to approximately 25 grams per day for women and 38 grams
per day for men.11 In Europe, the European Food Safety
Authority (EFSA) recommends a minimum of 25 grams of fibre
per day for adults to support normal bowel function and
reduce disease risk.12 However, most European adults
consume significantly less, with average intakes ranging from
18–24 g day−1 for men and 16–20 g day−1 for women, depend-
ing on the country.13

Fermentation of dietary fibre by colonic bacteria produces
short-chain fatty acids (SCFAs) such as acetate, propionate,
and butyrate, which play key roles in maintaining intestinal
barrier integrity, modulating immune responses, and reducing
inflammation.14 Moreover, certain dietary fibres, including
those derived from persimmon fruits, are rich in bioactive
molecules such as polyphenols. These compounds, including
gallic and protocatechuic acids, delphinidin, and cyanidin, are
often bound to fibre matrices and released during microbial
fermentation in the colon.15,16

The interaction between dietary fibre and polyphenols is
increasingly recognised as a critical determinant of their bio-
availability and biological activity. These interactions are
largely governed by non-covalent bonds, such as hydrogen
bonding and hydrophobic interactions, between polyphenolic
compounds and the polysaccharide components of dietary
fibre.17 This binding can protect polyphenols from early degra-
dation in the upper gastrointestinal tract, delaying their
release until they reach the colon, where microbial fermenta-
tion liberates these compounds.15 Once released, polyphenols
can exert local anti-inflammatory and antioxidant effects, con-
tributing to gut barrier integrity and immune modulation.
Fibre–polyphenol complexes also influence digestive enzyme
activity, potentially reducing carbohydrate and lipid absorp-
tion, and modulate microbial metabolism, enhancing the pro-
duction of bioactive metabolites such as phenolic acids and
short-chain fatty acids (SCFAs).18 These biochemical inter-
actions are essential to understanding the impact of persim-
mon fibre on gut microbiota. Polyphenols can selectively
inhibit pathogenic bacteria while promoting beneficial taxa
such as Faecalibacterium prausnitzii, Roseburia, and
Bifidobacterium, contributing to a more favourable microbial
profile and improved gut health.19 Our previous work has

shown that fibre-rich fractions prepared from persimmon by-
products are important sources of phytochemicals and
promote the growth of beneficial human gut bacteria, includ-
ing Faecalibacterium prausnitzii, while significantly decreasing
the inflammatory effect of interleukin-1β in Caco-2 cells, and
interleukin-6 and tumour necrosis factor-α in RAW 264.7
cells.16

There is strong evidence, therefore, that persimmon by-pro-
ducts could be valuable ingredients for the development of
functional foods to promote metabolic and gut health.
However, there is limited evidence on the modulatory effect of
persimmon fibre on human gut microbiota. Here, we investi-
gated the fermentative properties of high-fibre persimmon
fractions (Rojo Brillante variety) when incubated with mixed
faecal microbiota from healthy human volunteers. Structure–
activity relationships of persimmon fractions and their role in
the modulation of gut microbiota were also investigated. This
work aims therefore to bring key information to promote the
use of persimmon fibre-rich by-products as a novel source for
prebiotics development.

Materials and methods
Standards and reagents

Standards and general laboratory reagents were purchased
from Sigma-Aldrich (Gillingham, UK) and Fisher Scientific UK
Ltd (Loughborough, UK) or synthesised as described
previously.20,21

Sample preparation

Fresh persimmon fruits (Red Brilliant variety) were purchased
from a local market in Elche, Spain. The fruits were processed
to separate juice and solid by-products. The by-products, made
up of pulp and peels, were hydrated with water (1 : 10 w/v) at
room temperature prior to fermentation or hydrolysis treat-
ments (Fig. 1) as described elsewhere.16,22

For the batches subjected to fermentation treatment, 1 L of
by-products suspension was inoculated with 1 mL of fresh sus-
pensions (107 CFU mL−1) of each Streptococcus salivarius
subsp. thermophilus CECT 7207 and Lactobacillus casei CECT
475. The suspensions were incubated at 37 °C for 24 h at 150
rpm in a benchtop incubator shaker. After incubation, the sus-
pensions were filtered, discarding the liquid. The solid frac-
tions were vacuum dried at 60 °C overnight. The powder
obtained from each sample was further subjected to hydro-
lysis. The bacterial strains were selected because they are com-
monly used in food fermentation and/or naturally present in
fermented products, and previous studies showed their growth
in persimmon fibres under various pre-treatments.23 Their use
aimed to reduce free sugar content while increasing the bioac-
cesibility of non-extractable phytochemicals in NSP fractions,
ensuring the effects on the gut microbiome could be attributed
primarily to persimmon fibres.

For the hydrolysis treatment, the pH of the non-fermented
(untreated) and fermented by-product suspensions was alka-
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line hydrolysed by adjusting the pH of each suspension to 12
with 5 M NaOH (colour change of suspension from clear to
deep dark) using a pH meter (Hanna Instruments edge®,
Daselab S.L., Valencia, Spain). The mixtures were heated at
40 °C for 24 h under constant shaking (150 rpm) in a benchtop
incubator shaker; then, the pH was lowered to 2.5 with 5 M
HCl (acidic hydrolysis, colour change from deep dark to red).
The suspensions were filtered to separate the solids and
liquids from both untreated and fermented batches. The
obtained solid and liquid fractions were freeze dried separately
(LyoQuest, Telstar, Barcelona, Spain) to obtain the red
untreated soluble and insoluble fractions, as well as the red
fermented soluble and insoluble fractions from persimmon
by-products. The subsequent hydrolysis was applied to obtain
both soluble and insoluble fractions, allowing analysis of
extractable and non-extractable polyphenols. This process was
performed in all samples consistently evaluate complete frac-
tionation and characterization of persimmon fibre
components.

Non starch polysaccharides (NSPs) analysis of persimmon
fractions

We have used previous published method,24 to determine the
soluble and insoluble NSP. The analysis of NSP composition

was performed by gas chromatography using a Hewlett
Packard HP7890N chromatograph equipped with a SP2330
30 m × 0.75 mm column.

Phytochemical analyses of persimmon samples by HPLC and
LC-MS/MS

The persimmon fractions were measured for derivatives and
metabolites of the simple phenols, benzoic acids, phenolic
acids, phenylacetic acids, pheny-propionic acids, phenylpyru-
vic acids, phenyllactic acids, mandellic acids, phenolic dimers,
acetophenones, benzaldehydes, cinnamal-dehydes, benzyl
alcohols, cinnamyl alcohols, indoles, isoflavones, coumarins,
chalcones, flavanones, flavones, and flavonols using LC-MS/
MS analysis and anthocyanidins by HPLC analysis.

The method used for the extraction of the phenolic com-
pounds prior LC-MS/MS analysis was consisting in a three-step
extraction generating three different fractions, as previously
described.25 Briefly, the samples were initially suspended in
hydrochloric acid and extracted into ethyl acetate. This extrac-
tion was repeated three times, and the ethyl acetate extracts
combined and were then evaporated to dryness (representing
the “free fraction” or extractable polyphenols-EPP) and was
stored at −70 °C prior to analysis by LC–MS/MS. The remain-
ing aqueous fraction was first alkaline hydrolysed and then

Fig. 1 Diagram describing the processing of the persimmon fruit by-products to obtain to obtain the red untreated or the red treated (fermented)
soluble and insoluble fractions from persimmon by-products.
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acid hydrolysed at room temperature for 4 h and respectively
30 minutes at 95 °C and following each the samples were then
extracted into ethyl acetate (pH 2) and processed as described
above. The extracts obtained after alkaline and acid hydrolysis
represent the “bound fractions” or non-extractable polyphe-
nols (NEPP).

The LC–MS/MS analysis of phytochemicals: for the LC–MS/
MS analysis methods published previously have been
used.33–35 Liquid chromatography separation of the metab-
olites was performed on an Agilent 1100 LC–MS system
(Agilent Technologies, Wokingham, UK) using a Zorbax
Eclipse 5 μm, 150 mm × 4.6 mm C18 column (Agilent
Technologies). Three distinct gradients were used to separate
the different categories of metabolites and the mobile phase
solvents in each case were water containing 0.1% acetic acid
and acetonitrile containing 0.1% acetic acid. The eluent was
then directed without splitting into an ABI 3200 triple quadru-
pole mass spectrometer (Applied Biosystems, Warrington, UK)
fitted with a Turbo Ion Spray™ (TIS) source. All the metab-
olites were quantified using multiple reaction monitoring
(MRM). For all the phytochemical quantifications, standard
calibrations curves were prepared in concentration intervals of
2 ng μl−1 up to 10 pg μl−1. The threshold used for quantifi-
cation had a signal to noise ratio of 3 to 1. All the ion tran-
sitions for each of the metabolites were determined based
upon their molecular ions and strong fragment ions; their
voltage parameters; declustering potential, collision energy
and cell entrance/exit potentials were optimized individually
for each metabolite and have been previously described.25–27

To measure the anthocyanidin content of the persimmon
fractions was used the extraction and hydrolysis methods
adapted from Zhang et al.28 Briefly, samples (n = 3) of persim-
mon samples (0.1 g) were extracted with methanol : water :
hydrochloric acid (ratio of 50 : 33 : 17; v/v/v; 3 mL) three times,
and the supernatants and the pellet combined and hydrolysed
at 100 °C for 60 min. Hydrolysed samples were then immedi-
ately cooled to room temperature, filtered using 0.2 µm filters
and analysed by HPLC.

The quantification of the anthocyanidins was performed
using a 1260 Infinity HPLC from Agilent (Wokingham, UK)
and a Synergi 4 µm Polar-RP 80A (250 × 4.6 mm) column with
a Polar-RP 4 × 3 mm pre-column from Phenomenex
(Macclesfield, UK). The DAD spectra were recorded between
200 and 700 nm and the chromatograms were monitored at
530 nm.

Analysis of free sugars composition in persimmon fractions

The quantification of mono- and disaccharides from the per-
simmon fraction was performed using a 1260 Infinity HPLC
from Agilent (Wokingham, UK) equipped with a RI detection
and an Asahipak NH2P-50 4E (5 μm; 25 cm × 0.46 cm),
(Shodex, Japan) column connected to an Asahipak NH2P-50G
4A pre-column (4.6 mm × 10 mm, Shodex, Japan). Persimmon
fractions (approx. 0.05 g, n = 3) were dissolved in 250 μl of
water and filtered using 0.2 µm filters prior to the HPLC ana-
lysis using an isocratic solvent program consisting of 70%

acetonitrile at a constant flow of 1 mL min−1. Quantification
of the free sugars was performed using external calibration
curves using validated standards for each sugar analysed.

Incubations of persimmon fractions with mixed microbiota
prepared from healthy human volunteers’ faecal samples

The incubation of persimmon fractions with mixed micro-
biota was prepared from six human faecal samples; one
sample from three volunteers (D1, D2 and D3) for soluble
persimmon fraction (untreated and fermented) incubations
and respectively one sample from three volunteers (D2, D3
and D4) for insoluble persimmon fraction (untreated and
fermented) incubations. For this study, we recruited four
healthy males and females, which consume an omnivore
diet, with a BMI between 18.5 and 30 kg m−2, with age
between 18- and 65-year-old. The volunteer did not need to
follow any specific dietary restriction prior to the donation
of their fecal samples, and the samples were used as a
source of mixed microbiota for the microbial incubation for
this study. In the recruitment of the volunteers, we excluded
people who have taken antibiotics within the 3 months prior
fecal sample donation, were under medication for high
blood pressure, were under treatment for severe IBD (inflam-
matory bowel disease) and IBS (irritable bowel syndrome),
were suffering from autoimmune disorders or cancer and
undergone any type of cancer treatment within the
12 months prior fecal sample donation. This study was con-
ducted in accordance with the Declaration of Helsinki and
good clinical practice, and all procedures involving human
subjects were reviewed and approved by the Human Studies
Management Committee of the Rowett Institute, University
of Aberdeen, UK, and the Rowett Institute Ethics Panel.
Informed consent was obtained from all subjects involved in
the study. The study was carried out from March until July
2023.

These experiments were carried out as previously
described (Zhang et al., 2023).29 Briefly, 20 ± 1 mg persim-
mon fractions were weighed in six duplicates into pre-
weighed Hungate tubes sealed with butyl rubber stoppers
and screw caps (Bellco Glass, Shrewsbury, UK). Under an
anaerobic condition CO2 maintained, 7.5 mL M2 basal
medium (containing no soluble starch, glucose, and cello-
biose, M2SGC) were added into those Hungate tubes, follow-
ing by subsequent autoclaving and cooling to room tempera-
ture. The faecal slurry was achieved by anaerobically mixing
2 g of fresh feces with 8 mL of anaerobic 50 mM phosphate
buffer containing 0.05% cysteine and vortex mixing. Three
tubes of six duplicates were inoculated with the 100 µL faecal
slurry under CO2 and incubated at 37 °C, while three control
tubes were added with 100 µL sterile buffer. Therefore, we
had several controls for this experimental setting, the media
plus slurry control (without persimmon matrix), and the
matrix control (the media and persimmon matrix without
fecal slurry). Samples recovered at 0 h and 24 h were also
used for short chain fatty acid (SCFA) analysis, DNA extrac-
tions and microbial metabolite analyses.
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Analysis of short-chain fatty acid (SCFAs) formed during faecal
incubation experiments

The concentrations of SCFA formed during the faecal incu-
bations of the persimmon fractions with faecal samples of
human volunteers (at 0 h and 24 h) were measured by gas
chromatography as previously described.30 Following conver-
sion to tert-butyldimethylsilyl derivatives, 1 μl of sample was
analysed using a Hewlett-Packard (Palo Alto, CA, USA) gas
chromatograph.

Analysis of microbial metabolites analysis formed during
faecal incubation experiments

Samples recovered at 0 h and 24 h during faecal incubations
experiments were mixed with internal standard for negative
mode mass spectrometry 13C benzoic acid at 2 µg mL−1 and,
respectively, 2-amino-3,4,7,8-tetramethylimidazo(4,5-f ) qui-
noxaline at 0.5 µg mL−1, for positive mode mass spectrometry
prepared in methanol and centrifuged at 12 000g for 10 min.
The supernatant was used for LC-MS/MS analysis as described
in section 2.4.

DNA extraction and high-throughput sequencing of 16S rRNA

Total DNA was extracted using the FastDNA® SPIN Kit for
Feces (MP Biomedicals 116570200, MP Biomedicals SARL,
Illkirch, France). All the steps of the protocol were performed
according to the manufacturer’s instructions. A total of 72
samples were selected for partial 16S rRNA sequencing includ-
ing different substrates (fermentation times 0 h and 24 h): (i)
soluble fraction control (faecal slurry + media; 3 donors, 2
time points per donor and 2 replicates per time point; n = 12),
(ii) insoluble fraction control (n = 12), (ii) untreated soluble
fraction (3 donors, 2 time points per donor and 2 replicates
per time point; n = 12), (iii) treated insoluble fraction (n = 12),
(iv) fermented soluble fraction (n = 12), (v) fermented insoluble
fraction (n = 12).

Amplicon sequencing of the V1–V2 region of bacterial 16S
rRNA genes employing barcoded fusion primers MiSeq-27F (5′-
AATGATACGGCGACCACCGAGATCTACACTATGGTAATTCCAGM-
GTTYGATYMTGGCTCAG-3′) and MiSeq-338R (5′-CAAGCAGAA
GACGGCATACGAGAT-barcode-AGTCAGTCAGAAGCTGCCTCCC
GTAGGAGT-3′) were carried out in an Illumina MiSeq plat-
form at the in-house facilities at the Center for Genomic
Enabled Biology and Medicine (CGEBM), University of
Aberdeen, UK.

Sequence reads were quality filtered, and the resulting ones
were processed using a personalized script of QIIME2 v.2021.8
software,31 matched by pair-ends. Quality control filtering was
performed, keeping sequences with a mean sequence quality
score >20. To analyse the taxonomic profiles of faecal fermen-
tation samples, the 16S rRNA reads were clustered in amplicon
sequence variants (ASVs) using Reference database SILVA 138
release.32–34 Raw sequence reads have been deposited in the
Short Reads Archive (SRA) of the National Center for
Biotechnology Information (NCBI) under BioProject accession
number PRJNA1266485.

Bioinformatics and statistical analysis

Statistical analysis of microbiota composition results was per-
formed on R (v.4.4.1). To characterise microbial diversity,
alpha (Chao1 and Shannon) and beta (Bray Curtis dissimilarity
metric) diversity estimators were calculated using microbiome
(v.1.26.0)35 and Phyloseq (v.1.48.0)36 R packages. Comparative
plots describing the distribution of microbial communities
across groups of samples were generated using microbiome
(v.1.26.0) R package:35 hierarchical cluster, principal coordi-
nate analysis (PCoA) and microbiota composition barplots.

The microbiota modulatory effect of different persimmon-
derived fractions on specific microbial genera was calculated
using several microbiome-specific statistical methods:
ANCOM, ANCOMBC, ALDEx2, LEfSe and metagenomeSeq and
Limma-Voom implemented in microbiomeMarker (v.1.10.0) R
package.37–43 For this purpose, statistically significant (p <
0.05 and padj < 0.25) differences in microbiota composition
(i.e., normalized microbial read counts) at initial (0 h) and
final (24 h) fermentation times were calculated for each sub-
strate. It should be noted that sequencing reads were normal-
ised prior differential analysis using total sum scaling (TSS)
method implemented in microbiomeMarker (v.1.10.0) R
package. In this regard, data were normalized by dividing the
corresponding sample library size. Potential associations
between microbial genera modulated by persimmon fractions
were elucidated in a correlation network computed using corrr
(v.0.4.4) R package.44

On the other hand, general statistical analysis of phyto-
chemical and SCFAs data included Shapiro–Wilk and Levene
to test normality and variance homogeneity, ANOVA and Tukey
post-hoc test for parametric data, Kruskal–Wallis and Dunn
post-hoc test for non-parametric data using base R (v.4.4.1.)
functions. Statistically significant (p < 0.05) correlations
between microbiota composition profiles, and raw material
composition were calculated and expressed as Pearson corre-
lation coefficients using base R (v.4.4.1.) function and
mixOmics (v.6.28.0) R package.45

Results
Characterisation of persimmon fractions

Novel persimmon fractions that may exert microbiota modula-
tory effects have been obtained. Soluble and insoluble frac-
tions were first characterised. Soluble non-starch polysacchar-
ides (NSPs) fraction comprised 2.64 and 2.17% of untreated
and treated products, respectively (Fig. 2). Uronic acids,
mannose, glucose and galactose were the most abundant
monosaccharides in these fractions. Regarding the insoluble
fraction, soluble NSPs comprised 1.34% of untreated and
treated products. These fractions were characterised by higher
mannose and glucose contents compared to the soluble frac-
tions (Fig. 2). Finally, insoluble NSPs comprised 38.18 and
36.18% of untreated and treated products, respectively.
Glucose and xylose were the predominant monosaccharides in
these insoluble NSPs. As expected, the amount of free glucose

Paper Food & Function

2344 | Food Funct., 2026, 17, 2340–2356 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/2
8/

20
26

 1
2:

00
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo03495g


and fructose was higher in the soluble fraction compared to
the insoluble fraction (Fig. 2).

Phytochemical composition of persimmon products was
also determined (Fig. 3, SI Table S1). Major differences were
observed between treated and untreated fractions. Gallic acid,
delphinidin, protocatechuic acid were the major phytochem-
icals of the untreated soluble fraction. The proportion of del-
phinidin and cyanidin increased significantly in the treated
soluble fraction (Fig. 3, Table S1). Cyanidin was the most abun-
dant compound in the untreated insoluble fraction, and the
treatment of the insoluble fraction increased significantly the
delphinidin content (Table S1).

Fermentation treatment significantly increased the extracta-
bility of the molecules in free and respectively bound form,
respectively EPP and NEPP (measured by LC-MS), having a
higher impact on the soluble fraction compared with the in-
soluble fractions (Fig. 3B). The PCA analysis (SI Fig. S1) also
shows that the profile of the metabolites changes following the
fermentation, especially in the molecules extractable in free
form (EPP) from the soluble fraction. Furthermore, the profile
of the molecules measured in the free and bound form (EPP
and NEPP) from the soluble fractions (with and without fer-
mentation) also is different as suggested by their distribution
in different quadrants in the PCA plot (SI Fig. S1).

Microbiota modulatory effect of persimmon fractions

Microbiota modulatory properties of soluble and insoluble
persimmon fibre fractions have been investigated. For this
purpose, faecal fermentation experiments using healthy volun-
teers have been carried out. Microbial diversity of the faecal
slurry was first characterised (SI Fig. S2–S4). Alpha diversity
estimators expressed as Chao1 and Shannon coefficients
measure the variability of microbial genera within faecal

samples (SI Fig. S2). In general, donor 1 showed significantly
(p < 0.05) lower alpha diversity values compared to the other
donors. Beta diversity was calculated to compare microbial
diversity among groups of samples (soluble and insoluble frac-
tions at different fermentation times) and expressed as Bray
Curtis dissimilarity distances showing no significant (p < 0.05)
differences (SI Fig. S3). The absence of significant differences
might be attributed to the interindividual variability in the fer-
mentation profiles. In addition, PCoA revealed that samples
corresponding to the same donor and same fermentation time
were grouped together highlighting the role of interindividual
variability in the microbiota composition profiles. PCoA ana-
lysis also discriminated different groups of substrates (SI
Fig. S4). These results reveal that the fermentative properties
of persimmon soluble and insoluble fractions may depend on
the initial microbiota composition of each participant.

To illustrate microbial differences between donors and sub-
strates, microbiota composition bar plots were generated for
initial and final fermentation times (SI Fig. S5). These plots
highlighted major differences in the microbial abundances of
several genera including Bacteroides, Prevotella and other com-
mensals like Lachnoclostridium and Ruminococcus and novel
taxon Ruminococcaceae UCG-02. These results indicate that the
modulatory effect of the persimmon fractions were, at least, in
part donor-driven.

To assess these modulatory properties, statistically signifi-
cant differences (p < 0.05 and padj < 0.25) in microbial genera
composition after fermentation were calculated using several
microbiota-specific statistical tests (ANCOM, ANCOMBC,
ALDEx2, LEfSe and metagenomeSeq and Limma-Voom). A
total of six microbial genera showed statistically significant
increments (p < 0.05 and padj < 0.25) in their read counts and
abundances after 24 h of faecal microbial fermentation of per-

Fig. 2 Monosaccharides composition of soluble non starch polysaccharides (NSP) (A) and insoluble NSP content (B), expressed as % of dry weight
for persimmon fractions. The insoluble NSP for Red soluble fraction (untreated and treated) was not detectable or below detection limits.
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simmon samples (Fig. 4). It should be noted that these taxa
were not increased in control samples. The highest increments
were observed for Bacteroides in the microbiota of donors 4
and 2. Interestingly, Bacteroides was selectively modulated by
pretreated insoluble fibre fraction. Similarly, non-treated in-
soluble fractions selectively promoted Megasphaera in the
microbiota of donor 4 (Fig. 4). On the other hand, pretreated
soluble fraction enhanced the growth of Lachnospiraceae
UCG-010 in all donors and Anaerovoraceae family XIII
AD3011 group in donor 2. Less selective effects were observed
for Oscillibacter, promoted in the microbiota of several donors
after faecal fermentation of different substrates including pre-
treated soluble fraction and pretreated and non-treated in-
soluble fractions (Fig. 4).

A correlation network was generated to elucidate the poten-
tial interactions between microbial taxa modulated by persim-
mon fractions and other gut commensals (SI Fig. S6). Two
main groups of bacteria were observed: (ii) Megasphaera
showed positive correlations with Lachnospira and novel
Clostridia taxa, (i) Anaerovoraceae family XIII AD3011 group

and Lachnospiraceae UCG-010 showed positive correlations
with Coprococcus, Eubacterium ruminatum group and
Rikenellaceae RC9 groups. The first group of bacteria was more
promoted by untreated insoluble fraction while the second
group also modulated by soluble treated fraction.

The effect of raw material composition on fermentative
profiles of persimmon

To establish structure-activities of microbiota-modulating per-
simmon fractions, the effect of raw material composition on
fermentative profiles of persimmon was investigated (Fig. 5).
For this purpose, statistically significant (p < 0.05) correlations
between soluble and insoluble NSPs composition and
microbial genera modulated by persimmon were calculated
(Fig. 5A and B). Oscillibacter showed positive associations with
arabinose and fucose levels in the soluble NSP fraction and
negative correlations with galactose and uronic acid (Fig. 5A).
The opposite behaviour was observed for Anaerovoraceae
family XIII AD3011 group. Similarly, Megasphaera and
Anaerovoraceae family XIII AD3011 group showed positive and

Fig. 3 The amount of extractable polyphenols (EPP) and non-extractable polyphenols (NEPP), and the total content of all molecules measured by
LC-MS (obtained by summing the individual plant metabolites) in mg per 100 g dried fractions (A); the five most abundant phytochemicals measured
by HPLC and LCMS in persimmon fractions, including the total content of phytochemicals measured (obtained by summing the individual plant
metabolites measured by HPLC and LCMS) in mg per 100 g dried fractions (B).
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Fig. 4 Statistically significant (p < 0.05 and padj < 0.25) increments in bacterial genera after faecal fermentations of persimmon by-products at 24 h.
RBR: red untreated soluble fraction, RBF: red fermented soluble fraction, RBRI: red untreated insoluble fraction, RBRIF: red fermented insoluble
fraction.

Fig. 5 Correlation heatmaps showing the associations between anhydrous sugars (%) as part of soluble (A) and insoluble (B) non-starch polysac-
charides (NSPs), phytochemical composition (mg per 100 g, C) and microbial genera exhibiting statistically significant increments during faecal fer-
mentation of soluble and insoluble persimmon fibre fractions at 24 h. Blue and red dots indicate positive and negative correlations expressed as
Pearson correlation coefficients. Colour intensity is in proportion to magnitude.
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negative correlations with the insoluble NSP fraction, respect-
ively (Fig. 5B).

Similarly, associations between raw material phytochemical
composition and microbial groups promoted by persimmon
were determined (Fig. 5C). Anaerovoraceae family XIII
AD3011 group showed positive correlations with a wide variety
of phytochemicals including acetophenones (4-hydroxy-3,5-
dimethoxyacetophenone), benzenes (4-hydroxyacetophenone),
benzoic acids (salicylic acid, p-hydroxybenzoic acid, 2,3-dihy-

droxybenzoic acid, 2,5-dihydroxybenzoic acid, vanillic acid),
cinnamic acids (caffeic acid, p-coumaric acid) and phenylpro-
pionic acids (4-hydroxy-3-methoxyphenylpropionic acid,
4-hydroxyphenylpropionic acid), and negative with flavanoids/
coumarins (hesperitin, luteolin, naringenin) and lignans
(pinoresinol, syringaresinol). The opposite behaviour was
observed for Megasphaera and Oscillibacter (Fig. 5C).

Microbial metabolite profiles

To further characterise the fermentative behaviour of persim-
mon samples, SCFAs production and the modification of phy-
tochemicals were also investigated (Fig. 6 and 7). Acetate, buty-
rate, propionate and valerate levels significantly (p < 0.05)
increased in all fermentation experiments at 24 h, showing no
major differences between substrates (Fig. 6). In contrast,
lactate increased only in untreated soluble fraction at 24 h.
Interestingly, samples showing the highest increments in
Megasphaera (red untreated insoluble fraction) also showed
high increments in several SCFAs (butyrate, iso-butyrate and
iso-valerate). In addition, statistical correlations were found
between insoluble NSP found in the raw substrates and iso-
butyrate and iso-valerate production (SI Fig. S7). Similarly,
positive correlations between soluble NSP and lactate levels
were also determined (SI Fig. S7).

The profile of the microbial metabolites after faecal fermen-
tation of persimmon substrates were also determined (Fig. 7
and SI Table S2). Principal Component Analysis (PCA) revealed
a distinct separation between the metabolite profiles of per-
simmon substrates prior (0 h) and after 24 h of faecal fermen-
tation, for both soluble and insoluble fractions. This segre-
gation reflects substantial metabolic transformations induced

Fig. 6 Short-chain fatty acids (SFCAs) concentrations (MM) determined
after faecal fermentations of soluble and insoluble persimmon fibre
fractions at 24 h. Red U: persimmon Bright Red untreated fraction. Red
T: persimmon Bright Red treated fraction.

Fig. 7 Principal Component Analysis (PCA) of metabolite profiles obtained by LC-MS from persimmon by-products before fermentation (0 h) and
after 24 h of faecal fermentation. Two media plus slurry controls (without persimmon matrix) were included for comparison. Sample codes: RBR –

Red untreated soluble fraction; RBF – Red fermented soluble fraction; RBRI – Red untreated insoluble fraction; RBRIF – Red fermented insoluble
fraction.
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by microbial activity. Furthermore, biplot analysis indicates
that metabolites such as 4-hydroxymandelic acid and phenyl
lactic acid, detected after 24 h of fermentation, primarily drive
the separation of the insoluble fibre fraction. In contrast, com-
pounds including 2-hydroxyphenylpropionic acid, 3,4-dihy-
droxyphenylpropionic acid, 4-ethylphenol, and indole-3-car-
boxylic acid contribute predominantly to the segregation of
the soluble fibre fraction following microbial fermentation
(Fig. 7). The Table S2 is showing the microbial metabolites
composition of persimmon fractions after 24 h of faecal fer-
mentation. Notable is the fact that the indole 3-propionic acid
was produced in significant higher amounts following the
faecal fermentation of the soluble persimmon fractions in
comparison with the insoluble fractions (Table S2).

Discussion

This study successfully demonstrated microbiota modulatory
properties of different persimmon by-product fractions from
food industry. The treatment applied to obtain the persimmon
fractions significantly influenced their carbohydrate compo-
sition, particularly the profile of NSP. As expected, all free
glucose and fructose were depleted during fermentation, indi-
cating rapid microbial utilisation of simple sugars.
Interestingly, while the total quantity of NSPs remained
unchanged, the monosaccharide composition was notably
altered. Specifically, glucose levels increased while uronic acid
decreased in both soluble and insoluble NSP fractions.
Additionally, arabinose and xylose were reduced, whereas
mannose and galactose increased in the insoluble NSP
fraction.

These compositional shifts are critical, as the structure and
monosaccharide makeup of dietary fibre directly influence its
fermentability and the resulting SCFA profile. Jensen et al.46

demonstrated that the monosaccharide content of dietary
fibres, particularly glucose, xylose, and arabinose, can predict
fermentation outcomes, including SCFA concentrations and
microbial diversity. In our study, the altered NSP composition
had a clear impact on SCFA production. Total soluble NSPs
were positively associated with lactate levels, while arabinose
and mannose contents of soluble NSPs correlated with
increased iso-butyrate and iso-valerate (SI Fig. S7A) production.
Similarly, total insoluble NSPs showed positive correlations
with these branched-chain fatty acids (SI Fig. S7B).

These findings align with previous research showing that
mannose-rich substrates promote the growth of Bifidobacterium
and Faecalibacterium, and the latter is a major producer of
butyrate.47 Moreover, arabinose and xylose, typically found in
arabinoxylans, have been shown to support the production of
propionate and butyrate, depending on their degree of branch-
ing and feruloylation.48

The positive association between soluble NSPs and lactate
production is particularly noteworthy. Lactate is a key inter-
mediate in microbial cross-feeding networks and can be con-
verted into SCFAs such as propionate and butyrate by special-

ized bacteria, including Megasphaera species.49 The accumu-
lation of lactate may indicate active fermentation by
Lactobacillus and Bifidobacterium, which are known to thrive
on soluble fibres and produce lactate as a primary
metabolite.50

Comparative studies have shown that the fermentation of
NSPs varies significantly depending on their source and struc-
tural complexity. For example, Wisker et al.51 reported that
NSPs from citrus fibre and rye bread exhibited fermentation
rates between 54% and 96%, with SCFA profiles influenced by
particle size and solubility. Similarly, Zhang et al.52 found that
structurally diverse soluble dietary fibres, including pectins
and arabinogalactans, induced distinct microbial shifts and
SCFA production patterns in the TIM-2 in vitro colon system.

The fermentation treatment applied to persimmon fibre-
rich fractions had a pronounced impact also on the extractabi-
lity and distribution of phytochemicals, significantly increas-
ing both the extractable polyphenol (EPP) and non-extractable
polyphenol (NEPP) content. This finding is particularly note-
worthy, as fermentation is typically associated with enhanced
release of soluble compounds due to microbial enzymatic
activity, but an increase in NEPPs is less commonly reported
and warrants further mechanistic exploration.

Fermentation is known to facilitate the breakdown of plant
cell wall structures through microbial enzymatic action,
including cellulases, pectinases, esterases, and glycosidases,
which liberate bound phenolics from complex matrices.53,54

These enzymes can hydrolyse glycosidic bonds and ester lin-
kages, releasing phenolic acids and flavonoids that were pre-
viously inaccessible. In our study, the most noticeable
increases were observed in cyanidin, delphinidin, protocate-
chuic acid, and gallic acid in the soluble fraction, and cyani-
din, delphinidin, gallic acid, and pelargonidin in the insoluble
fraction. These compounds are known for their potent anti-
oxidant and anti-inflammatory properties, with gallic acid and
delphinidin particularly well-studied for their cardiovascular
and metabolic health benefits.55,56

The unexpected increase in NEPPs may be explained by
microbial biotransformation pathways that not only release
but also rebind or polymerise phenolic intermediates during
fermentation. Ding et al.57 highlighted that NEPPs can form
through interactions with polysaccharides and proteins during
microbial metabolism, resulting in new bound phenolic struc-
tures that are retained in the insoluble fraction. This phenom-
enon suggests that fermentation may not only liberate existing
phenolics but also generate novel NEPPs through secondary
binding or condensation reactions.

Moreover, fermentation has been shown to enhance the
antioxidant potential of food matrices by increasing the con-
centration and diversity of phenolic compounds.58,59 In our
study, the increase in bioactive compounds following fermen-
tation suggests improved functional potential of the persim-
mon fractions. This is consistent with findings from Liu
et al.,60 who reported that fermentation combined with enzy-
matic hydrolysis significantly increased polyphenol content
and antioxidant activity in Astragalus membranaceus stems.
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The implications of these findings are substantial.
Enhanced extractability of polyphenols, particularly in both
soluble and insoluble fractions, suggests that fermented per-
simmon by-products may offer dual-phase bioactivity: early
release of soluble compounds in the upper gastrointestinal
tract and delayed release of NEPPs in the colon, where they
undergo microbial fermentation. This dual-phase release
could improve systemic bioavailability and local gut health
effects, supporting the development of next-generation prebio-
tics enriched with bioavailable bioactives.

Furthermore, anthocyanins such as cyanidin and delphini-
din, and phenolic acids like gallic and protocatechuic acid,
have demonstrated beneficial effects on endothelial function,
oxidative stress, and inflammation in human studies.61,62

Their increased presence in fermented persimmon fractions
reinforces the potential of this treatment to enhance the
health-promoting properties of agri-food by-products.

The microbiota modulatory properties of persimmon frac-
tions have also been investigated. The highest microbial incre-
ments were observed for the Bacteroides genus, which was
selectively modulated by pre-treated insoluble fibre fractions.
Bacteroides in one of the major generalist commensals and
potentially beneficial bacterial groups tracked while evaluating
the prebiotic in previous in vitro models.63 These in vitro fer-
mentation studies report the ability of fruit and vegetable-
derived prebiotics to modulate the growth of Bacteroides such
as pectin, modified pectins and pectic oligosaccharides from
orange peel wastes,64 and other renewable bioresources includ-
ing pectin-rich artichoke and sunflower by-products.65 In this
regard, some Bacteroides species have been proposed as next-
generation probiotics. Previous studies reporting genome
mining of probiotic candidates highlight the metabolic capa-
bilities of B. dorei, B. ovatus, B. thetaiotaomicron, B. uniformis
and B. xylanisolvens to utilize all vegetable carbohydrates
(xylan, arabinoxylan, pectin and their derived oligosacchar-
ides). Bacteroides species tend to have larger genomes than
many other gut bacterial species and are considered as gener-
alists, showing the widest range of activities such as polygalac-
turonases, rhamnosidases, rhamnogalacturonases, pectin
lyases and pectin methyl- and acetyl esterases compared to
other potentially probiotic gut commensals.63

The ability of persimmon fractions to promote Bacteroides
species was reported previously in both single and mixed
culture experiments.16 Single culture experiments of
B. thetaiotaomicron B5482 revealed similar growth rates with
persimmon fractions and glucose resulting in the production
of formate, acetate, butyrate, and lactate. However, mixed
culture experiments using several of strains belonging to the
Bacteroidetes and Firmicutes phyla resulted in significantly (p
< 0.001) lower growth rates. The present study describes the
behaviour of Bacteroides and other key symbionts in the pres-
ence of persimmon fractions, in the context of their natural
communities.

The level of Shigella–Escherichia after 24 h incubation is an
unfavourable outcome (Fig. S4). This is to some extent is
donor dependent and will depend on the composition of each

donor’s microbiota. One of the donors, Donor 3, was shown to
have an increase in proportional abundance of Shigella–
Escherichia after 24 h incubation. This in part may come from
metabolism of the peptides in the growth medium, as this bac-
terial group can grow well on peptides, using these as a carbon
and energy source. Other unfavourable bacterial genera
however, such as Sutterella however declined in proportional
abundance.

Many bacterial generalist groups that can utilise simple
sugars and oligosaccharides as growth substrates may depend
on cross feeding following the release of soluble sugars or on
metabolism of short chain fatty acids. Interestingly, beneficial
bacteria including Parabacteroides, Acidaminococcus and
Blautia increased in proportional abundance.

Lactobacillus species are predominantly present in the small
intestine, so it is not surprising that this genus was absent.
Bifidobacteria are usually present in low abundance in adults
often less than 5% of total microbiota and are not key players
in fibre metabolism, therefore not surprising that proportional
abundance was low. Interestingly, key beneficial bacterial
genera belonging to the Lachnospiraceae family, in addition to
Faecalibacterium were largely maintained following incu-
bations with the persimmon fibres.

Other potentially probiotic bacteria selectively promoted by
persimmon fractions include Megasphaera, a known as a
lactate utiliser, converting lactate to acetate and propionate,66

and under carbon-limited conditions can convert lactate to
acetate and butyrate. This organism can establish metabolic
cross-feeding interactions to convert acetate or lactate pro-
duced by other fibre-degrading gut commensals to butyrate.67

Similarly, Oscillibacter promoted by different persimmon
fractions has been proposed as a next-generation probiotic
capable of producing SCFAs such as butyrate and may exert
positive health effects including anti-inflammatory
activities.68,69 The other fibre-degrading organisms modulated
by persimmon fractions included Lachnospira members that
could be of special interest for the development of novel pro-
biotics or biotherapies.70 Previous studies suggest that daily
supplementation with rhamnogalacturonan-I modulates the
growth of Lachnospiraceae UCG-010 on the gut microbiota in
healthy adults and correlates with reduced common cold
symptoms.71 Previous faecal fermentation experiments
reported that Lachnospiraceae UCG-010 was selectively modu-
lated by apple pomace and pectin fractions.72 Similarly, incre-
ments in Dialister were observed after faecal fermentation of
persimmon fractions. In this regard, human intervention
studies revealed that whole-grain barley promoted the growth
of Dialister.73 This taxon was also promoted by apple pomace
and pectin after faecal fermentation in vitro.72 Increases of
Dialister have been reported during prebiotic supplementa-
tion.74,75 Similarly, members of the Anaerovoraceae family are
known to produce SCFA, and experience increased growth
when participants consume fermented foods or prebiotic
ingredients.76 Several statistical associations between these
bacteria were also determined highlighting metabolic syner-
gies. It should be noted that cross-feeding interactions
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between SCFAs-producing gut anaerobes have been widely
reported.77

Cross-feeding interactions between Megasphaera and other
gut commensals have been reported.78 In this regard,
Megasphaera converts lactate into butyrate and valerate in
agreement with the results from our correlation analysis. In
the current study, our results also highlight positive associ-
ations between Lachnospiraceae UCG-010 and Dialister and
SCFAs levels. Bacterial species belonging to both these genera
can form lactate as a fermentation end products which may be
used by cross feeding Megasphaera and as shown here all
genera increased in abundance, and in particular
Megasphaera, on the RBRIF substrate (Fig. 4). It has previously
been reported that Lachnospira members produce SCFA as a
product of the fermentation of complex polysaccharides.70,79

The influence of Dialister on SCFA production has also been
reported.80,81

Structure–activity-relationships determined for persimmon
substrates revealed that soluble NSP fractions rich in arabinose
and fucose stimulate the growth of Oscillibacter while insoluble
NSP fractions promote Megasphaera. The role of soluble and
insoluble fibre on microbial fermentation has been extensively
studied.82 The ability of different NSPs structures to promote
the growth of different microbial groups including Bacteroides,
Lachnospiraceae, Oscillibacter, Megasphaera and Dialister, has
been reported.83,84

Previous studies reported the ability of phenolic com-
pounds to promote gut microbiota diversity and maintain
colonic health.85 A few bacterial genera involved in the metab-
olism of phenolic compounds have been identified and their
degradative pathways elucidated.85,86 Medium doses of persim-
mon tannin promote Bacteroides,87 while proanthocyanidins
extracts led to an increase in Dialister.88 Other studies dealing
with different substrates highlight the potential of orange
juice and chenpi tea rich in flavonoids to promote Lachnospira
and Oscillibacter, respectively.89,90 Similarly, it has been
reported that several gut commensals including Megasphaera,
Dialister and Lachnospiraceae members might contribute to
polyphenol liberation and metabolism in fermented quinoa.91

Results here presented agree with those reported by previous
studies. In this regard, tea phenolics rich in benzoic acids may
inhibit the growth of Bacteroides in the gut microbiota,92 in
agreement with our correlation analysis. Phenylacetic acid is a
metabolic product of Bacteroides and is formed from the
metabolism of the amino acid phenylalanine, but its function
remains poorly understood.93 In contrast, caffeine may
decrease the relative abundance of Bacteroides.94

Comparative studies on fibre types indicate that soluble
fibres generally promote the production of beneficial metab-
olites, including indole 3-propionic acid (IPA), indolelactic
acid, and short-chain fatty acids, whereas insoluble fibres pri-
marily contribute to stool bulking and transit time with
limited fermentability.95,96 Recent work by Sinha et al.97

demonstrated that fermentable fibres enhance IPA production
by influencing microbial competition for tryptophan, favour-
ing pathways that yield protective indole derivatives over poten-

tially harmful ones like indole itself. This mechanistic insight
underscores the importance of soluble fibre-rich diets in
shaping a metabolome conducive to health. Furthermore, has
been associated with multiple health-promoting effects. It acts
as a potent antioxidant, surpassing melatonin in hydroxyl
radical scavenging capacity, and protects against oxidative
stress without generating pro-oxidant intermediates.98,99 IPA
also contributes to gut barrier integrity by upregulating tight
junction proteins and modulating immune responses, thereby
reducing systemic inflammation.99 Moreover, IPA has demon-
strated neuroprotective properties, including inhibition of
β-amyloid fibril formation and attenuation of neuronal
damage in ischemic models, suggesting a role in mitigating
neurodegenerative disorders such as Alzheimer’s
disease.100,101

Conclusions

The study findings suggest that the structural modification of
persimmon NSPs through processing not only alters their
monosaccharide composition but also modulates their fer-
mentability and metabolic output. These changes have impli-
cations for the development of functional ingredients targeting
gut health, particularly through the selective stimulation of
SCFA-producing and anti-inflammatory microbial taxa.

We observed an increase in both EPP and NEPP content fol-
lowing fermentation, which is likely due to a combination of
enzymatic release, microbial biotransformation, and secondary
binding reactions. These findings validate the use of fermenta-
tion as a strategic tool to enhance the nutritional and func-
tional value of persimmon by-products and support their
application in functional food development targeting meta-
bolic and gut health.

The microbiota modulatory properties of persimmon
soluble and insoluble fibre fractions have been determined.
Pretreated insoluble fraction selectively promoted the growth
of Bacteroides while non-treated insoluble fraction stimulated
the growth of Megasphaera. On the other hand, pretreated
soluble fraction enhanced the growth of Lachnospiraceae
UCG-010 and Anaerovoraceae family XIII AD3011. Soluble and
insoluble fractions modulated the growth of Oscillibacter.
Some of these taxa include important SCFA producers and
next-generation probiotics that showed a wide range of statisti-
cal associations with other members of the microbiota. In
addition, structure–activity relationships for persimmon frac-
tions have been determined. In this regard, arabinose and
fucose-rich soluble NSPs promote Oscillibacter while insoluble
NSP stimulate the growth of Megasphaera. Similarly, phenolic
compound composition exerted a great influence on the fer-
mentative properties of persimmon fractions highlighting the
role of flavonoids, benzoic and phenylacetic acids. Persimmon
by-products are a promising source of potentially prebiotic
substrates that could be of special interest to design novel pre-
biotic formulations with enhanced selectivity targeting next-
generation probiotics.

Food & Function Paper

This journal is © The Royal Society of Chemistry 2026 Food Funct., 2026, 17, 2340–2356 | 2351

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
Fe

br
ua

ry
 2

02
6.

 D
ow

nl
oa

de
d 

on
 4

/2
8/

20
26

 1
2:

00
:0

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5fo03495g


The present study demonstrates also that faecal fermenta-
tion of soluble persimmon fractions leads to significantly
higher production of indole-3-propionic acid (IPA) compared
to insoluble fractions. Given IPA’s established antioxidant,
anti-inflammatory, and neuroprotective properties, this
finding underscores the potential health benefits of incorpor-
ating soluble fibre-rich persimmon by-products into the diet.
These results align with previous evidence that soluble fibres
are more fermentable and capable of generating bioactive
metabolites that support gut and systemic health. Future
research should explore the mechanistic pathways linking
soluble fibre fermentation to IPA biosynthesis and evaluate its
implications for metabolic and neurodegenerative disease
prevention.
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