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A B S T R A C T

Pomelo juice, especially from the Tubtim Siam cultivar, may offer prebiotic benefits by promoting beneficial gut 
bacteria. This study evaluated the impact of non-fermented and Lacticaseibacillus paracasei (L. paracasei)-fer-
mented pomelo juice on gut microbiota using an in vitro colonic fermentation model. The L. paracasei-fermented 
juice significantly increased lactobacilli levels compared to the non-fermented juice, while both treatments 
similarly suppressed coliforms within 24 h. Microbiota analysis revealed increased richness and significant 
community shifts in both treatments. Moreover, the fermented juice demonstrated a greater decrease in the 
Firmicutes/Bacteroidetes ratio, indicating a greater impact on gut metabolism. Fermented juice promoted bene-
ficial bacteria like L. paracasei, Bifidobacterium longum, and Faecalibacterium prauznitzii while inhibiting patho-
gens. These changes coincided with higher production of short-chain fatty acids (SCFAs), including acetic, 
propionic, and n-butyric acids. Therefore, fermenting pomelo juice with L. paracasei improves its ability to 
beneficially influence the gut microbiota, suggesting its potential for gut health enhancement.

1. Introduction

The human colon harbors a diverse gut microbiota composed of 
trillions of microorganisms that play a critical role in the metabolism of 
complex carbohydrates, which are otherwise indigestible by the host. 
This microbial fermentation process produces short-chain fatty acids 
(SCFAs), which impact energy homeostasis and various physiological 
functions (Wang, Yao, Lv, Ling, & Li, 2017). The gut microbiota is 
diverse with dominant phyla such as Firmicutes and Bacteroidetes, as well 
as subdominant phyla including Actinobacteria, Proteobacteria, Fusobac-
teria, and Verrucomicrobia. This diversity significantly influences host 

metabolism, physiology, and immune function. The microbiota also 
contributes to essential processes like synthesizing vitamin K and B- 
complex, strengthening the mucosal barrier against enteric pathogens, 
and modulating neurotransmitter signaling via the gut-brain axis 
(Sánchez et al., 2017). Emerging evidence suggests the gut microbiota 
composition, particularly the Firmicutes/Bacteroidetes (F/B) ratio, plays a 
key role in the pathogenesis of diverse disease states. Disruptions in this 
ratio have been linked to the development of various conditions, 
including cardiovascular diseases, cancer, diabetes, obesity, and even 
psychiatric disorders (Wang et al., 2017). A balanced gut microbiota, 
characterized by a specific composition of bacterial communities, is a 
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critical determinant of human health and susceptibility to chronic dis-
eases (Azad, Sarker, Li, & Yin, 2018). Oral probiotics exert their bene-
ficial effects by modulating the gut microbiota composition, selectively 
enriching populations of commensal bacteria. This enrichment enhances 
intestinal epithelial barrier integrity and modulates cytokine produc-
tion, ultimately strengthening the immune response (Azad et al., 2018). 
Strains of the Lactobacillus and Bifidobacterium genera significantly in-
fluence the gut microbiota composition, promoting a shift towards a 
more favorable profile. This shift is marked by an increase in beneficial 
phyla such as Bacteroidetes and Verrucomicrobia, while concurrently 
reducing Firmicutes (Azad et al., 2018). Among these, Lacticaseibacillus 
paracasei subsp. paracasei strain (L. casei 431®) has shown notable 
health benefits and a strong ability to survive the gastrointestinal tract. 
This strain is commonly used in functional foods and probiotic supple-
ments due to its documented efficacy (Rizzardini et al., 2012). Clinical 
studies have demonstrated its positive impact on immune response, 
improvement in stool consistency for infants, and alleviation of symp-
toms in lactose-intolerant individuals (Vlieger et al., 2009).

Pomelo (Citrus grandis (L.) Osbeck), a citrus fruit in the Rutaceae 
family, is widely cultivated in Thailand. Cultivars like Kao-Yai, Thong- 
dee, and Tubtim Siam exhibit distinct flavor profiles and characteristics. 
Pomelo fruits are rich in flavonoids, including neohesperidin, hesperi-
din, naringenin, naringin, and rutin, which contribute to their potent 
antioxidant properties (Mäkynen et al., 2013). Additionally, pomelo is a 
valuable source of dietary fiber, beta-carotene, terpenoids, and alka-
loids. Fermenting pomelo juice, particularly the Tubtim Siam variety, 
with L. paracasei increases specific flavonoids (naringenin, naringin, 
hesperetin) (Balmori et al., 2023). This fermentation process enhances 
the juice’s antioxidant and lipid-lowering effects. Notably, these flavo-
noids act as prebiotics, selectively fermented by gut bacteria, influ-
encing gut microbiota composition and richness. This demonstrably 
benefits gut health by promoting intestinal barrier function, immune 
modulation, and production of beneficial metabolites (Ma & Chen, 
2020). Additionally, pomelo’s dietary fiber is fermented by gut bacteria, 
leading to the production of SCFAs that regulate host metabolism, im-
munity, and inflammation (Koh, De Vadder, Kovatcheva-Datchary, & 
Bäckhed, 2016). The present study hypothesizes that the combination of 
probiotic L. paracasei and the prebiotic components naturally present in 
pomelo, such as flavonoids and dietary fiber, may act synergistically to 
enhance gut microbiota modulation. Recent advancements in in vitro 
models utilizing human fecal samples have facilitated the evaluation of 
probiotics, prebiotics, and synbiotics on the gut microbiome. However, 
there is limited research investigating the effects of fruit juices and their 
lactic acid fermentation within simulated in vitro digestion and subse-
quent in vitro colonic fermentation models (da Silva et al., 2023). 
Therefore, this study aims to compare the impact of non-fermented 
pomelo juice and pomelo juice fermented with L. paracasei on gut 
microbiota modulation and metabolite production using an in vitro 
colonic fermentation model. It was hypothesized that L. paracasei 
fermentation of pomelo juice would beneficially modulate gut micro-
biota by promoting Lactobacillus proliferation and relative abundance, 
while concurrently suppressing pathogenic bacteria compared to the 
unfermented control. This modulation was expected to result in an 
altered F/B ratio and increased production of SCFAs, including butyrate, 
acetate, and propionate.

2. Materials and methods

2.1. Materials

The pomelo fruits (Tubtim Siam cultivar) were purchased from the 
Talaad Thai Fruit Market located in Pathum Thani Province, Thailand. 
The freeze-dried powder of L. paracasei subsp. paracasei CASEI 431 (Chr. 
Hansen A/S, Horsholm, Denmark) was obtained from Brenntag In-
gredients (Thailand) Public Company Limited, Bangkok. Food-grade 
sodium bicarbonate was obtained from Thai Food and Chemical Co, 

Ltd. The α-amylase Type VI-B from porcine pancreas, pepsin from 
porcine gastric mucosa powder, bile extract, pancreatin from porcine 
pancreas, trypticase, resazurin, cysteine hydrochloride, hydrochloric 
acid, sodium hydroxide, and microminerals were obtained from Sigma- 
Aldrich Co. (St. Louis, MO, USA). Amyloglucosidase from Aspergillus 
niger was purchased from Megazyme (Bray, Ireland). De Man-
–Rogosa–Sharpe (MRS) agar and Eosin Methylene Blue (EMB) agar were 
procured from Oxoid (Basingstoke, UK).

2.2. Preparation of non-fermented, and probiotic-fermented pomelo juices

Pomelo juice preparation followed a previously established protocol 
(Balmori et al., 2023). Briefly, Tubtim Siam pomelo fruits were peeled, 
and the pulp was separated from the rind and seeds. The pulp was then 
juiced using a low-speed extractor at a 4:1 pulp-to-water ratio (v/v). The 
resulting juice was filtered through cheesecloth to remove particulates. 
Subsequently, 5 % (w/v) sugar and 0.05 % (w/v) salt were added for 
taste adjustment. Pasteurization was performed at 80 ◦C for 30 s. The 
pasteurized juice was collected and stored at − 20 ◦C (non-fermented 
juice). For fermented juice preparation, the pH of the non-fermented 
juice was aseptically adjusted to 6.0 with 1 M NaHCO3. L. paracasei 
powder was aseptically added to establish an initial inoculum of 7 log 
CFU/mL. The mixture was incubated at 37 ◦C for 24 h. Following 
fermentation, the juice was immediately cooled and stored at − 20 ◦C for 
subsequent analysis.

2.3. In-vitro gastrointestinal digestion

An in vitro digestion model mimicking the human digestive tract was 
employed to simulate the sequential processes occurring in the mouth 
(oral phase), stomach (gastric phase), and small intestine (intestinal 
phase). This static model was adapted from the methodology established 
by Minekus et al. (2014) (Minekus et al., 2014). Non-fermented and 
fermented pomelo juice samples (100 mL each) were aseptically trans-
ferred to glass bottles with screw caps. The digestion process 
commenced with the oral phase, where 2.5 mL of α-amylase solution 
(3.2 mg/mL in 0.2 M carbonate buffer, pH 7.0) was added to mimic 
salivary enzyme activity. This mixture was incubated in a shaking water 
bath at 37 ◦C for 1 min at 80 rpm. To simulate stomach conditions, the 
pH was then adjusted to 3.0 with 2 M HCl, followed by the addition of 
10 mL of simulated gastric fluid containing pepsin (1 mg/mL in 0.02 M 
HCl). The gastric phase incubation continued for 30 min. Following the 
gastric phase, the intestinal phase was simulated by adjusting the pH to 
7.0 with 6 M NaOH. Subsequently, 40 mL of a simulated intestinal fluid 
mixture containing pancreatin (2 mg/mL), bile extract (100 mg/mL), 
and amyloglucosidase (28 U/mL) prepared in 0.1 M NaHCO3 solution 
was introduced. This mixture was incubated for an additional 2 h at 
37 ◦C to mimic small intestine digestion. After the complete incubation 
period, samples were collected and immediately cooled to stop enzy-
matic reactions. A control digesta was prepared identically, substituting 
distilled water for the pomelo juice sample. Finally, all digested samples 
were freeze-dried and stored for further analysis.

2.4. In-vitro colonic fermentation

The in vitro colonic fermentation process employing human gut 
microbiota was conducted according to a previously established method 
(Charoensiddhi, Conlon, Vuaran, Franco, & Zhang, 2016). Fresh fecal 
samples were obtained from five healthy adults aged 25–35 years. All 
donors met the following criteria: no dietary restrictions, no history of 
gastrointestinal diseases, and no probiotic or antibiotic use for at least 3 
months prior to donation. This research protocol received ethical 
approval from the Research Ethics Review Committee for Research 
Involving Human Research Participants at Chulalongkorn University 
(Certificate of Approval No. 090/65, Study Title No. 650032). Written 
informed consent was obtained from all fecal donors before 
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participation in the study. A 10 % (w/v) fecal slurry was prepared 
aseptically using 0.01 M phosphate-buffered saline (PBS, pH 7.2). The 
slurry was homogenized and maintained under constant stirring during 
inoculation into the fermentation test vessels as the inoculum. Anaer-
obic conditions were strictly maintained throughout the fermentation 
setup using a Bactron IV Anaerobic Chamber (Sheldon Manufacturing 
Inc., Cornelius, OR, USA).

The fermentation medium composition (per liter of distilled water) 
was as follows: 2.5 g trypticase, 125 μL micromineral solution (con-
taining specified concentrations of calcium chloride, manganese chlo-
ride, cobalt chloride, and ferric chloride), 250 mL buffer solution 
(containing ammonium bicarbonate and sodium bicarbonate), 250 mL 
macromineral solution (containing sodium phosphate dibasic, potas-
sium phosphate dibasic, and magnesium sulfate), and 1.25 mL resazurin 
solution (0.1 % w/v). A reducing solution containing cysteine hydro-
chloride, sodium sulfide nonahydrate, and sodium hydroxide was pre-
pared, sterilized, and added to the fermentation medium before 
adjusting the pH to 7.2. This complete medium was then sterilized at 
121 ◦C for 15 min. Freeze-dried digesta samples (0.8 g), derived from 
either non-fermented or fermented pomelo juice, were dissolved in 7.2 
mL of fermentation medium and incubated in an anaerobic chamber at 
37 ◦C for 1 h. The total volume was then adjusted to 8 mL using fecal 
slurry, incorporating the fecal inoculum to achieve a final digesta con-
centration of 10 % w/v. The inoculated mixtures were then incubated on 
an orbital shaker at 37 ◦C for 24 h. Following incubation, the colonic 
fermentation samples were centrifuged at 5000 rpm for 20 min at 4 ◦C. 
The supernatants were collected for SCFA analysis, while the pellet 
fractions were treated with the DNA/RNA shield (Zymo Research, 
Irvine, CA, USA) for subsequent microbiota analysis. All experiments 
were conducted under aseptic conditions to prevent contamination.

2.5. Viable lactobacilli and coliform counts

The quantification of viable lactic acid bacteria (LAB) and coliform 
populations following colonic fermentation was performed using the 
established standard plate count method (Balmori, Dizon, Barrion, & 
Elegado, 2019). Samples were plated onto MRS agar for the enumeration 
of LAB and onto EMB agar for the determination of coliform counts. 
Incubation occurred under anaerobic conditions at 37 ◦C for 48 h. The 
total number of viable cells (colony forming units per milliliter, CFU/ 
mL) in the samples was calculated in accordance with standard micro-
bial enumeration protocols.

2.6. Determination of microbiota composition

The isolation of DNA from colonic fermentation samples was per-
formed using the ZymoBIOMICS™ DNA Miniprep Kit (Zymo Research, 
Irvine, CA, USA). The 16S ribosomal DNA gene was amplified using 
primers and protocols previously described by Jitvaropas, Mayuramart, 
Sawaswong, Kaewsapsak, and Payungporn (2022) (Jitvaropas et al., 
2022). The resulting amplicons were barcoded via a 5-cycle PCR process 
utilizing barcode primers from the PCR Barcoding Expansion 1–96 (EXP- 
PBC096) kit (Oxford Nanopore Technologies, Oxford, UK). These 
amplicons were then purified using the QIAquick® PCR Purification Kit 
(QIAGEN, Hilden, Germany), and their concentrations were measured 
with the Qubit dsDNA HS Assay Kit and Qubit 4 fluorometer (Thermo 
Scientific, Waltham, MA, USA). The barcoded DNA libraries were 
pooled, subjected to end-repair, adaptor-ligated, and sequenced on the 
MinION Mk1C platform (Oxford Nanopore Technologies, Oxford, UK) 
using the R10.4 flow cell. Base calling was executed with the Guppy 
basecaller software v6.0.7 (Wick, Judd, & Holt, 2019), and sequencing 
read quality was evaluated using MinIONQC (Abenavoli et al., 2019). 
Following demultiplexing and adaptor trimming with Porechop v0.2.4, 
the reads were processed for clustering, refinement, and taxonomic 
classification via NanoCLUST (Rodríguez-Pérez, Ciuffreda, & Flores, 
2021) with reference to the RDP database v11.5. The R software 

(Version 2023.09.1 + 494) was used to visualize bacterial abundance 
and conduct diversity analyses.

2.7. Analysis of lactic and short-chain fatty acids (SCFAs)

The lactic acid content was quantified using an enzymatic colori-
metric assay, following the manufacturer’s protocol provided with the 
lactic acid test kit (BIOBASE, Shandong, China). The procedure for 
analyzing SCFAs in colonic fermented samples was adapted from a 
previous study of Marnpae et al. (2024) (Marnpae et al., 2024). Initially, 
the samples were centrifuged at 15,000 g for 10 min at 4 ◦C. Then, 0.4 
mL of the supernatant was combined with 5 μL of 240 mM 2-ethylbutyric 
acid, serving as an internal standard at a final concentration of 3 mM. 
Subsequently, 80 μL of 50 % sulfuric acid was added and the mixture 
was acidified for 1 h at 4 ◦C. Following acidification, 0.4 mL of ethyl 
acetate was introduced and vortexed for 5 min. The mixture was then 
incubated at 4 ◦C for 10 min and centrifuged at 13,000 g for 5 min. The 
resulting samples were analyzed using a GC-2010 Plus gas chromato-
graph equipped with a flame ionization detector (GC-FID) (Shimadzu, 
Kyoto, Japan). The analysis utilized a DB-FATWAX UI chromatographic 
capillary column (30 m × 0.25 mm × 0.50 μm; Agilent, USA). The GC 
analysis conditions included an injection temperature of 250 ◦C, a split 
ratio of 1:50, and an injection volume of 0.5 μL. The column temperature 
was initially set at 105 ◦C for 3 min, then increased to 170 ◦C at a rate of 
10 ◦C/min, and finally raised to 240 ◦C at 70 ◦C/min, maintained for 2 
min. The detector temperature was set at 250 ◦C. Both internal (2-eth-
ylbutyric acid) and external standards (acetic, propionic, n-butyric, i- 
butyric, n-valeric, and i-valeric acids) were used for quantitative 
analysis.

2.8. Statistical analysis

The data were presented as mean ± standard error of the mean 
(SEM). The study was conducted in 3 replications. For microbiota 
analysis, the Mann-Whitney U test was employed to determine the alpha 
diversity index for comparative analysis. Principal Coordinate Analysis 
(PCoA) was utilized, relying on Bray-Curtis dissimilarity distances, to 
elucidate sample clustering patterns. Beta diversity was evaluated using 
Permutational ANOVA (PERMANOVA). Bacterial abundances were 
quantified at the phylum, genus, and species taxonomic tiers and 
expressed as relative proportions. Log2 fold changes were determined 
using the R software (Version 2023.09.1 + 494).

Data on viable microbial counts and SCFAs production underwent 
One-Way Analysis of Variance (ANOVA), followed by Duncan’s Multiple 
Range Test to identify significant differences between groups. Signifi-
cance was established at a threshold of p < 0.05. All statistical compu-
tations were performed using SPSS software (version 16.0, SPSS Inc., 
Chicago, IL, USA).

Table 1 
Viable lactobacilli and coliform counts in non-fermented and fermented pomelo 
juice after 24 h of colonic fermentation.

Treatments Lactobacilli (log CFU/mL) Coliform bacteria (log CFU/mL)

0 h 24 h ΔChange 0 h 24 h ΔChange

Control
4.44 ±
0.04aA

5.44 ±
0.10aB

1.00 ±
0.17a

5.14 ±
0.29aA

6.75 ±
0.03aB

1.61 ±
0.16a

PJ-NF
5.12 ±
0.11bA

6.17 ±
0.06abB

1.05 ±
0.13a

5.29 ±
0.22aA

5.59 ±
0.03bA

0.3 ±
0.01b

PJ-F 5.45 ±
0.15bA

7.15 ±
0.07bB

1.7 ±
0.05b

5.41 ±
0.05bA

5.53 ±
0.06bA

0.12 ±
0.04b

Data are expressed as mean ± SEM, n = 3. Means with different capital letter 
superscripts (indicating time effects) at the same treatment are significantly 
different (p < 0.05). Means with different lowercase letter superscripts (indi-
cating treatment effects) at the same time points are significantly different (p <
0.05). Abbreviations: PJ-NF: non-fermented pomelo juice; PJ-F: fermented 
pomelo juice.
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3. Results and discussion

3.1. Effect of pomelo juice and its fermentation on viable lactobacilli and 
coliform counts

At the outset of colonic fermentation (0 h), samples containing 
pomelo juice exhibited significantly higher viable lactobacilli counts 
compared to the control (Table 1). Following a 24-h colonic fermenta-
tion, a significant increase in Lactobacillus populations was exclusively 
observed in samples containing fermented pomelo juice. This increase is 
directly attributed to the inoculation of L. paracasei during the fermen-
tation process. While the prebiotic properties of pomelo juice, such as its 
fiber and phytochemical content (Makkumrai, Huang, & Xu, 2021) may 
have contributed to overall microbial growth, the pronounced elevation 
of Lactobacillus is primarily due to the added probiotic strain. The pre-
biotic components serve as a nutritional source for beneficial gut 

bacteria, specifically promoting the growth of Lactobacillus species due 
to their unique metabolic pathways. This selective promotion translates 
to an increased viable count of lactobacilli within the gut. The addition of 
probiotic L. paracasei to the pomelo juice during fermentation likely 
contributed to the significantly higher abundance of Lactobacillus 
compared to the non-fermented control. The presence of L. paracasei 
likely exerted a substantial influence on the gut microbiota composition, 
promoting the growth of Lactobacillus species during the colonic 
fermentation process.

Following the observed increase in Lactobacillus populations 
(Table 1), both non-fermented and fermented pomelo juice samples 
displayed a significant reduction in coliform counts compared to the 
control group. Our findings suggest that pomelo juice may reduce coli-
form growth during colonic fermentation, likely because of its prebiotic 
compounds. One mechanism underlying this effect involves the limita-
tion of nutrient availability for coliforms. This limitation likely arises 

Fig. 1. Diversity indices of gut microbiota at 24 h of colonic fermentation: (A) Species richness (Chao1 index), (B) Species diversity (Shannon’s index), (C) Beta- 
diversity (Bray-Curtis). Abbreviations: C: control; PJ-NF: non-fermented pomelo juice; PJ-F: fermented pomelo juice. Bars with different superscript letters are 
significantly different (p < 0.05, n = 3).

Fig. 2. Microbiota composition at phylum level at 24 h of colonic fermentation: (A) Relative abundance at the phylum level, (B) Log2-fold change in microbiota 
composition of PJ-NF compared to control, (C) Log2-fold change in microbiota composition of PJ-F compared to control, (D) Log2-fold change in microbiota 
composition of PJ-F compared to PJ-NF, (E) Firmicutes/Bacteroidetes ratio. Means with different letters (E) are significantly different. Significance (log2-fold change) 
was indicated by * and ** for p < 0.05 and p < 0.01, respectively (n = 3). Abbreviations: C: control; PJ-NF: non-fermented pomelo juice; PJ-F: fermented 
pomelo juice.
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from the selective promotion of beneficial bacteria such as Lactobacillus 
through prebiotic activity (Dempsey & Corr, 2022). Furthermore, 
fermentation in pomelo juice appears to enhance its ability to suppress 
coliform growth. This effect likely stems from the increased abundance 
of Lactobacillus species observed in fermented samples. These bacteria 
engage in competitive exclusion with potentially pathogenic microbes, 
including coliforms (Azad et al., 2018). This competition centers around 
essential nutrients and adhesion sites on the intestinal epithelium.

3.2. Effect of pomelo juice and its fermentation on gut microbiota 
composition

3.2.1. Microbiota diversity index
Alpha diversity indices were used to assess variations in species 

richness and evenness within treatment groups. The Chao1 index indi-
cated a significant increase in species richness in the fermented pomelo 
juice group compared to the control and non-fermented samples 
(Fig. 1A). This suggests a greater number of species present, including 
both observed and rare taxa. In contrast, the Shannon index revealed a 
higher bacterial diversity in the non-fermented juice group compared to 
both the control and fermented groups (Fig. 1B). The non-fermented 
group exhibited both high species richness and evenness, whereas the 
fermented group, despite a broader range of species, displayed lower 
evenness due to the dominance of certain taxa and the presence of rare 
species. These findings suggest distinct microbial diversity profiles 
shaped by the unique composition of each juice with prebiotic 

components such as dietary fiber and flavonoids potentially influencing 
community structure (Duque, Monteiro, Adorno, Sakamoto, & Sivieri, 
2016).

Beta diversity analysis using the Bray-Curtis dissimilarity metric was 
employed to assess the bacterial community composition differences 
between treatments (Fig. 1C). Principal Coordinate Analysis (PCoA) 
based on these dissimilarities revealed a significant shift in the com-
munity structure for both non-fermented and fermented pomelo juice 
treatments compared to the control. Flavonoids in pomelo juice may 
have their concentration further increased during fermentation with 
L. paracasei. This suggests that both fermented and non-fermented 
pomelo juice treatments caused changes in the gut microbiota 
compared to the control. Interestingly, the non-fermented juice exhibi-
ted the greatest dissimilarity in species composition characterized by a 
broader range of bacterial taxa. This suggests a more unique microbial 
profile compared to both the control and fermented groups.

3.2.2. Effect of pomelo juice and its fermentation on relative abundances of 
bacteria

In vitro colonic models serve as robust laboratory tools for investi-
gating digestion, addressing ethical concerns and interspecies micro-
biota variability inherent to in vivo studies, while offering 
methodological precision for systematic and high-throughput analyses. 
These models enable detailed characterization of digestion processes, 
microbiota dynamics, and microbial metabolite synthesis. Importantly, 
they complement in vivo studies by providing mechanistic insights and 

Fig. 3. Microbiota composition at genus level at 24 h of colonic fermentation: (A) Relative abundance at species level, (B) Log2-fold change in microbiota 
composition of PJ-NF compared to control, (C) Log2-fold change in microbiota composition of PJ-F compared to control, (D) Log2-fold change in microbiota 
composition of PJ-F compared to PJ-NF. The significance was indicated by * and ** for p < 0.05 and p < 0.01, respectively (n = 3). Abbreviations: C: control; PJ-NF: 
non-fermented pomelo juice; PJ-F: fermented pomelo juice.
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informing experimental designs for validation under physiological 
conditions. Additionally, in vitro models are instrumental in evaluating 
the impact of prebiotics and probiotics on microbiota composition and 
their contributions to diet-derived metabolite production (Veintimilla- 
Gozalbo, Asensio-Grau, Calvo-Lerma, Heredia, & Andrés, 2021). 
Following 24 h of colonic fermentation, analysis revealed Proteobacteria, 
Firmicutes, and Bacteroidetes as the dominant bacterial phyla (Fig. 2A). 
Compared to the control group, non-fermented pomelo juice signifi-
cantly increased the abundance of Bacteroidetes, while concurrently 
reducing Proteobacteria and Fusobacteria (Fig. 2B). Fermented pomelo 
juice mirrored the increase in Bacteroidetes but exhibited a further sig-
nificant decrease in Firmicutes, alongside reductions in Proteobacteria 
and Fusobacteria (Fig. 2C). Notably, fermented juice exerted a signifi-
cantly stronger inhibitory effect on Firmicutes compared to the non- 
fermented variant. These observed shifts in the gut microbiota, partic-
ularly the pronounced rise in beneficial Bacteroidetes and decrease in 
Firmicutes resulted in a significant reduction in the F/B ratio for both 
pomelo juice treatments compared to the control (Fig. 2E).

Several factors such as changes in bacterial growth rates or viability 
might explain the observed shifts in the F/B ratio. Firstly, the presence of 
lactic acid, a product of fermentation, may create a less favorable 

environment for certain Firmicutes species. This acidic environment 
might inhibit their growth and contribute to their decrease in abun-
dance. Additionally, the enrichment of viable L. paracasei in the fer-
mented sample likely plays a further role. Lactobacilli are known to 
produce various antimicrobial compounds, including ethanol, fatty 
acids, hydrogen peroxide, and bacteriocins. These compounds have 
been demonstrated to target and inhibit specific pathogenic bacteria 
within the Firmicutes phylum (Tang, Huang, & Yao, 2023). This sug-
gests that L. paracasei might further amplify the inhibitory effect on 
Firmicutes observed with lactic acid.

Citrus flavonoids, naturally present in pomelo juice, might further 
contribute to the observed decrease in Firmicutes. Pan et al. (2023) show 
that specific flavonoids such as naringenin and hesperidin can directly 
reduce Firmicutes bacteria in an in vitro model (Pan et al., 2023). Inter-
estingly, our previous work reported an increase in these same flavo-
noids following fermentation of pomelo juice with L. paracasei. These 
findings suggest that fermentation may potentiate the prebiotic effects 
of pomelo juice by increasing the bioavailability or concentration of 
beneficial flavonoids (Balmori et al., 2023). The shift in gut microbiota 
composition was likely influenced by the combined effects of lactic acid, 
enriched viable L. paracasei and potentially citrus flavonoids in the 

Fig. 4. Microbiota composition at species level at 24 h of colonic fermentation: (A) Relative abundance at species level, (B) Log2-fold change in microbiota 
composition of PJ-NF compared to control, (C) Log2-fold change in microbiota composition of PJ-F compared to control, (D) Log2-fold change in microbiota 
composition of PJ-F compared to PJ-NF. The significance was indicated by * and ** for p < 0.05 and p < 0.01, respectively (n = 3). Abbreviations: C: control; PJ-NF: 
non-fermented pomelo juice; PJ-F: fermented pomelo juice.
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fermented pomelo juice. This shift, characterized by a lower F/B ratio, 
aligns with findings in studies on obesity and gut health. A higher F/B 
ratio is often associated with gut dysbiosis, a microbial imbalance linked 
to obesity and overweight. In line with the potential role of prebiotics 
and probiotics in F/B ratio, research demonstrates that supplementation 
with a combination of these elements can lead to reductions in this ratio 
among overweight and obese individuals (Oraphruek et al., 2023). This 
finding highlights the potential importance of investigating how dietary 
components potentially including pomelo interact with gut microbiota 
to influence this marker. In vivo research is crucial to confirm the 
observed impact of fermented pomelo on the F/B ratio in the context of 
obesity management and to elucidate the underlying mechanisms 
driving these potential changes.

Genus-level analysis (Fig. 3A) identified Escherichia/Shigella (Pro-
teobacteria) as the dominant bacteria in both control and fermented 
pomelo juice, which deviates from typical gut microbiota composition. 
This finding is consistent with elevated levels of Proteobacteria reported 
in fermented beverages (Wu et al., 2021). The dominance of Escherichia/ 
Shigella (Proteobacteria) in the in vitro gut model may result from the 
presence of bile salts favoring, which favor the growth of gram-negative 
bacteria (Ridlon, Harris, Bhowmik, Kang, & Hylemon, 2016). Further 
analysis of fold changes in microbiota composition revealed that pomelo 
juices increased the relative abundance of Megasphaera, Dialister, 
Lactobacillus, and Parasutterella genera compared to the control (Fig. 3B 
and C). Notably, Megasphaera and Dialister, native to the colon, 
contribute to gut health by producing SCFAs through the fermentation 
of complex carbohydrates (Shetty, Marathe, Lanjekar, Ranade, & 
Shouche, 2013). Some Dialister strains have been shown to reduce 
inflammation. A study found that eating whole grains increased Dialister 
levels, which was associated with better interleukin-6 levels (Martínez 
et al., 2013). Similarly, the observed increase in the Parasutterella genus 
aligns with its reported association with reduced low-density lipoprotein 
(LDL) levels in individuals consuming prebiotic-resistant potato starch 
(Bush & Alfa, 2020). These findings suggest that the prebiotic compo-
nents in pomelo juices may have facilitated the growth of beneficial 
bacterial populations, contributing to gut health and metabolic benefits.

Fermented pomelo juice with L. paracasei demonstrated a signifi-
cantly higher abundance of Lactobacillus, Faecalibacterium, Clostridium, 
Escherichia/Shigella, and Kosakonia genera, alongside a significantly 
lower abundance of Megasphaera, and Dialister genera, compared to the 
non-fermented juice (Fig. 3D). The elevated levels of Faecalibacterium 
are particularly noteworthy, as this bacterium is widely regarded as a 
marker of intestinal health. Reduced levels of Faecalibacterium are often 
linked to gastrointestinal diseases or disorders (Maioli et al., 2021). 
Furthermore, the increased abundance of Clostridium cluster XIVa in the 
fermented juice highlights potential anti-inflammatory benefits. This 
bacterial cluster is known for its role in maintaining intestinal health, 
primarily through the production of butyrate and other beneficial me-
tabolites (Guo, Zhang, Ma, & He, 2020). These findings underscore the 
potential advantages of fermented pomelo juice over its non-fermented 
counterpart. The lower abundance of Megasphaera and Dialister genera 
in the fermented juice supports the hypothesis that the growth of these 
groups is primarily driven by the prebiotic properties of pomelo juice, 
rather than the addition of L. paracasei.

Colonic fermentation of both fermented and non-fermented pomelo 

juice significantly reduced the abundance of Enterobacter and Fuso-
bacterium genera compared to the control (Fig. 3B and C). Enterobacter 
(Enterobacteriaceae) is a commensal gut bacterium, but includes 
opportunistic pathogens linked to urinary tract infection (UTI) and 
diarrhea (Baldelli, Scaldaferri, Putignani, & Del Chierico, 2021). Simi-
larly, Fusobacteria, while part of the indigenous gut microbiota, is 
associated with localized and polymicrobial infections. Although its 
pathogenesis remains incompletely understood, recent studies suggest 
that Fusobacterium virulence factors contribute to chronic inflammation, 
obesity, and vascular invasion, potentially leading to thrombosis 
(Vodzak, 2023). The observed reduction in Enterobacter and Fusobacte-
rium indicates potential health benefits from pomelo juice consumption, 
particularly for fermented variants.

Species-level analysis (Fig. 4A) revealed significant enrichment of 
beneficial bacteria in both non-fermented and fermented pomelo juice 
treatments compared to the control (Fig. 4B and C). Enriched species 
included Parasutterella excrementihominis, Megasphaera inidica/elsdenii, 
Lactobacillus mucosae, Dialister succinatiphilus, Bifidobacterium ado-
lescentis, and Faecalibacterium prausnitzii. In contrast, a reduction in 
potential pathogens such as Enterococcus faecium, Escherichia coli, Kleb-
siella pneumoniae, Acidaminococcus intestinii, and Phascolarctobacterium 
faecium was observed. The presence of L. paracasei, introduced as a 
starter culture during fermentation, was exclusively detected in the 
fermented juice group, confirming that it was not a native member of the 
initial microbial community. Although research specifically linking 
pomelo juice and gut microbiota is limited, existing studies suggest that 
citrus juices can promote the growth of Lactobacillus and Bifidobacterium 
species (Duque et al., 2016). These beneficial bacteria support gut health 
through mechanisms, such as SCFA production and antimicrobial ac-
tivity via bacteriocin production, which suppresses pathogenic pop-
ulations. The observed increase in B. adolescentis is particularly notable, 
as certain strains of this species have been shown to alleviate con-
stipation, and some even produce gamma-aminobutyric acid (GABA), a 
neurotransmitter potentially influencing anxiety and depression 
(Duranti et al., 2020). This suggests additional benefits for host well- 
being, particularly for individuals with gastrointestinal disorders.

Similarly, the enrichment of F. prausnitzii may provide anti- 
inflammatory benefits. This bacterium produces butyrate, a SCFA acti-
vating G protein-coupled receptors (GPRs) that regulate gut changes 
linked to obesity and diabetes (Maioli et al., 2021). Conversely, a 
decrease in F. prausnitzii has been linked to chronic inflammation, 
particularly in obese individuals. The observed decrease in potential 
pathogens, including E. faecium, K. pneumoniae, A. intestinii, and 
P. faecium, is often associated with gut dysbiosis and inflammation. 
These pathogens can further promote their growth and virulence within 
the gut (Khan et al., 2021). Therefore, the shift in gut microbiota 
composition towards beneficial bacteria and away from potential 
pathogens in response to pomelo juice treatments suggests potential 
benefits for gut health.

L. paracasei fermentation significantly altered the bacterial profile of 
pomelo juice compared to the non-fermented juice (Fig. 4D), enriching 
beneficial genera such as Bifidobacterium, Lactobacillus, and F. prausnitzii, 
while reducing the abundance Megasphaera and Dialister. Notably, 
Notably, the fermented pomelo juice showed an increase in established 
probiotic species like Bifidobacterium longum and Bifidobacterium bifidum 

Table 2 
Lactic acid and short-chain fatty acid (SCFA) concentrations in non-fermented and fermented pomelo juice after 24 h of colonic fermentation.

Treatments Lactic acid (mM) SCFAs (mM)

Acetic acid Propionic acid n-Butyric acid Iso-butyric acid Iso-valeric acid Valeric acid Total SCFAs

Control 17.62 ± 1.80a 50.73 ± 3.08a 0.23 ± 0.01a 0.71 ± 0.08a 0.47 ± 0.03a 0.08 ± 0.00a 0.03 ± 0.00a 69.87 ± 0.13a

PJ-NF 35.45 ± 1.68b 58.81 ± 0.86a 21.5 ± 02.94b 0.93 ± 0.13a 0.12 ± 0.02b 0.02 ± 0.00b 0.03 ± 0.01a 116.86 ± 1.05b

PJ-F 79.97 ± 0.89c 93.33 ± 2.70b 13.39 ± 0.43c 1.22 ± 0.02b 0.12 ± 0.00b 0.01 ± 0.00b 0.04 ± 0.00a 187.96 ± 0.96c

Data are expressed as mean ± SEM, n = 3. Means with different lowercase letter superscripts (indicating treatment effects) in the same column are significantly 
different (p < 0.05). Abbreviations: PJ-NF: non-fermented pomelo juice; PJ-F: fermented pomelo Juice.
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(Chen, Chen, & Ho, 2021; Wong & Odamaki, 2019), which are known 
for promoting gut health and combating infections. Additionally, 
F. prausnitzii, a butyrate-producing bacterium, was more abundant in the 
fermented juice. Butyrate has anti-inflammatory properties and 
strengthens the gut barrier, contributing to a healthy gut ecosystem 
(Silva, Bernardi, & Frozza, 2020). Conversely, lower levels of F. praus-
nitzii are associated with various diseases, including inflammatory 
bowel disease (IBD) and colorectal cancer (CRC) (Maioli et al., 2021). 
The observed decrease in Megasphaera and Dialister Dialister in fer-
mented juice suggests that their growth may be driven primarily by the 
prebiotic properties of pomelo juice itself, rather than the addition of 
L. paracasei. These findings highlight the potential of fermented pomelo 
juice to promote gut health by fostering a microbiota composition 
enriched in beneficial bacteria.

3.3. Effect of pomelo juice and its fermentation on lactic and SCFAs 
production

After 24 h of colonic fermentation, both non-fermented and fer-
mented pomelo juice treatments exhibited significant increases in lactic 
acid (2.0-fold and 4.5-fold, respectively) and total SCFAs (1.7-fold and 
2.7-fold, respectively) compared to the control (Table 2). This rise in 
SCFAs was mainly due to increased levels of acetic and propionic acids 
with a smaller but significant increase in butyric acid. SCFAs are 
essential metabolites produced by gut bacteria, and their levels were 
significantly higher following both pomelo juice treatments. Previous 
research indicates that probiotic and prebiotic supplementation can 
enhance colonic SCFA production, with effects varying depending on the 
specific strains and prebiotic types (Azad et al., 2018). In this study, 
metabolism by Lactobacillus and Bifidobacterium, which were promoted 
by the pomelo juice treatments, produced acetic and lactic acids from 
pomelo juice prebiotics. These fermentation products can serve as a 
carbon source for butyrate-producing bacteria, particularly Faecali-
bacterium spp., which may explain the observed increase in butyric acid 
after fermentation (Martín et al., 2023). Additionally, the prebiotic 
components and carbon source inherent in pomelo juice may have 
directly contributed to SCFA production by colonic microbiota (da Silva 
et al., 2023). Elevated SCFA levels, particularly butyrate, provide po-
tential benefits for gut health. SCFAs serve as a primary energy source 
for colonic epithelial cells, with butyrate playing a crucial role. It helps 
maintain gut barrier integrity, prevents the translocation of harmful 
substances, and exerts anti-inflammatory effects (Silva et al., 2020).

3.4. Correlation analysis of bacterial groups, lactic acid, and SCFAs

Shifts in gut microbiota composition can influence nutrient avail-
ability and metabolite production. Our correlation analysis revealed 
strong positive associations between lactic acid and Lactobacillus abun-
dance, while acetic acid correlated positively with both Lactobacillus and 
other bacteria such as Bacteroides, Parasutterella, and Allisonella (Fig. 5). 
Lactobacillus, known for metabolizing sugars present in pomelo juice 
(Dempsey & Corr, 2022), produces lactic acid as its primary metabolite. 
Propionic acid, another SCFA commonly found in the gut, showed 
positive correlations with bacteria known to utilize dietary fibers pre-
sent in pomelo juice such as Bacteroides, Megasphaera, and Dialister. This 
aligns with literature indicating that Bacteroides spp. and certain Mega-
sphaera species, such as M. elsdenii, generate propionic acid via acrylate 
and succinate pathways (Koh et al., 2016). Furthermore, flavanones in 
pomelo juice, including hesperidin and naringenin, are metabolized by 
gut bacteria such as Bacteroides and Clostridium into propionic and acetic 
acids (Pereira-Caro et al., 2015). Interestingly, butyric acid was posi-
tively correlated with Lactobacillus and Allisonella, being primarily pro-
duced by Firmicutes bacteria like Faecalibacterium prausnitzii, the main 
butyrate producer (Maioli et al., 2021). Conversely, potentially patho-
genic groups like Klebsiella, Fusobacterium, Enterobacter, and Phasco-
larctobacterium exhibited negative correlations with SCFA production. 
This suggests inhibiting these bacteria might be beneficial for optimizing 
gut SCFA levels.

4. Conclusion

In vitro colonic fermentation demonstrated that both non-fermented 
and fermented pomelo juice possess prebiotic properties, as evidenced 
by the modulation of gut microbiota towards a healthier profile and 
increased SCFA production. The addition of L. paracasei during 
fermentation significantly amplified these beneficial effects, suggesting 
a synergistic interaction between the probiotic and prebiotic compo-
nents of the juice. These findings highlight the potential of pomelo juice, 
especially in its fermented form, as a functional food for promoting gut 
health. However, further in vivo studies are warranted to elucidate the 
underlying mechanisms and confirm the observed benefits in human 
subjects.
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