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Abstract
Non-nutritive sweeteners (NNSs) are popular sugar substitutes, valued for their potential to reduce caloric
intake and associated health risks. However, their long-term effects on the human gut microbiome remain
debatable. This study investigates the impact of tagatose, allulose, Rebaudioside-A (Reb-A), and saccharin
on quorum-sensing (QS)-regulated phenotypes and gene expression in QS biosensor model bacteria. It
sheds light on their potential influence on the gut microbiome. Our study revealed diverse effects among the
NNSs. Tagatose and allulose demonstrated QS phenotypic inhibition in Chromobacterium violaceum
(≈50%) and Pseudomonas aeruginosa (20–50%) in a concentration-dependent manner. Additionally,
tagatose and allulose decreased the P. aeruginosa lasI gene expression. Reb-A and saccharin presented a
significant, however less prominent, phenotypic inhibition on C. violaceum (25–30%) and P. aeruginosa
swarming motility (≈20%). Both NNSs decreased the expression of the lasI gene of P. aeruginosa.Molecular
docking of QS regulatory proteins showed that saccharin and Reb-A have significantly higher binding
affinity compared to allulose and tagatose, relative to native inducers. These results suggest the complex
interactions mediated by NNSs in QS regulatory pathways. These findings provide valuable insights into the
varied, species and dose-dependent effects of NNS on microbial communication, suggesting potential
implications for the gut microbiome.
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Introduction

Non-nutritive sweeteners (NNSs) have become increasingly popular as sugar substitutes in the food
industry, primarily due to their capacity to lower caloric intake and mitigate health risks associated with
high sugar consumption (Castro-Muñoz et al., 2022; Zare et al., 2024). As consumers gravitate towards
natural ingredients for their perceived health benefits and clean-label appeal, these NNS, particularly the
naturally sourced ones, present a compelling alternative to refined sugars. Despite their widespread use,
the long-term health effects of NNS remain debated (Rathaus et al., 2024), with their effect on the
microbiome gaining significant attention (Suez et al., 2022).
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The human microbiome, composed of complex and diverse microbial communities, is increasingly
recognized for its crucial role in human health (Joos et al., 2025). The composition of the gutmicrobiome
is well known to be affected by the diet (Wu et al., 2011; David et al., 2014; Chai et al., 2023). Different diet
components, with particular attention to refined carbohydrates, can alter the microbial landscape in the
gut by supporting or disrupting the balance of the microbial community (Sarda and Giuntini, 2023).

Most NNSs are not metabolized by the gut microbiome (Richardson and Frese, 2022). Additionally,
the acceptable daily intake (ADI) for these NNSs has been established as safe for human consumption by
regulatory agencies such as the European Food Safety Authority (EFSA) and the US Food and Drug
Administration (FDA) (Meenakshi andMohan, 2024). However, it remains uncertain how NNSs might
influence the composition of the gut microbiome (Hosseini et al., 2023). An overview of studies
investigating the effects of natural origin and artificial NNSs on gut microbiomes is provided in
Supplementary Table S1. This compilation includes research conducted using in vitro culture methods,
animal models, and human studies. This information provides valuable insights into the potential
impacts of natural NNS on the complex ecosystem of the gut microbiome based on the kind of NNS, the
model, and study conditions applied.

Quorum sensing (QS) is a highly evolved communication system that bacteria utilize to synchronize
group activities in response to changes in population density (Santos et al., 2021). In addition to
modulating group behaviours within the species, this type of communication plays a crucial role in
the gut host–microbiome interaction (Zhang et al., 2024). This intricate cell-to-cell signalling process
relies on synthesizing, releasing, and detecting specific chemical signalling molecules named autoindu-
cers (Fuqua et al., 1994; Bassler, 2002). As the number of bacterial cells increases, the autoinducers build
up in the surrounding environment, enabling bacteria to perceive when a critical concentration or
threshold has been achieved. Upon reaching this threshold, they bind to specific receptors on bacterial
cells, triggering a signalling cascade that leads to changes in gene expression across the bacterial
community (Bassler and Losick, 2006). This coordinated response facilitates the execution of collective
behaviours, such as biofilm formation, virulence factor production, or bioluminescence, that are
advantageous to the population to adapt efficiently to environmental changes, optimizing their survival
and competitiveness (Bassler, 2002; Defoirdt et al., 2013; Lima et al., 2023).

QS systems are widespread among both Gram-positive and Gram-negative bacteria. Typically,
Gram-negative bacteria (Pseudomonadota) use acylated homoserine lactones (AHLs) as autoinducers.
AHLs are small molecules that diffuse freely within bacterial cells and into the surrounding environment
(Lade et al., 2014). While Gram-positive bacteria (Bacillota) utilize autoinducer peptides, typically
secreted by ABC-type carrier proteins (Fuqua and Greenberg, 2002; Lima et al., 2023).

Food components, such as phenolic compounds, have been tested, and their influence on QS is well-
known (Paczkowski et al., 2017; Santos et al., 2021). Compounds such as curcumin, resveratrol, gallic
acid, and capsaicin have shown potential as QS inhibitors, interfering with bacterial signalling pathways
and blocking autoinducer molecules (Lima et al., 2023). The disruption of these communication
pathways may possibly lead to an imbalance in the gut microbial community (dysbiosis), leading to
associated health issues (Zhang et al., 2024).

The delicate equilibrium of the gut microbiome is crucial for maintaining gut health and overall well-
being (Joos et al., 2025). However, disruptions in the microbiome balance lead to dysbiosis associated
with a range of health issues, including inflammatory bowel disease, obesity, and neurological disorders
(Singh et al., 2021; Mitrea et al., 2022; Markus et al., 2023). Extensive literature connects dietary
components with the gut microbiome imbalances (Wu et al., 2011). Therefore, understanding the
impact of NNSs on the QS and, consequently, on gut microbiome dynamics is a promising avenue for
developing strategies to prevent and treat these health conditions.

QS systems in bacteria orchestrate complex regulatory networks that control crucial phenotypes, as
exemplified in Chromobacterium violaceum ATCC12472 and Pseudomonas aeruginosa PAO1.
C. violaceum employs an acyl-homoserine lactone (AHL)-based QS system, where CviI synthesizes
the autoinducer homoserine lactone (HSL), which binds to the transcriptional regulator CviR (Stauff and
Bassler, 2011). This CviR-HSL complex directly activates the vioABCDE operon by binding to the vioA
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promoter, regulating violacein production, with additional modulation by the repressor vioS (Devescovi
et al., 2017).

In contrast, P. aeruginosa PAO1 utilizes a more intricate QS network comprising two AHL-based
systems (las and rhl) and an alkylquinolone-dependent system, Pseudomonas quinolone signal (PQS),
which collectively regulate several behaviours, including motility (Birmes et al., 2019). Swarming
motility is positively influenced by lasI, lasR, and rhlI expression, and is regulated by rhl-controlled
rhamnolipid biosynthesis, while PQS independently represses swarming (Shrout et al., 2006). Swimming
motility is similarly affected by lasI, lasR, and rhlI, and is further modulated by the GacAS-RsmA
pathway (Heurlier et al., 2004). Both motility types are influenced by QS-controlled flagella and pili
production, as well as cyclic-di-GMP level (Birmes et al., 2019). These sophisticated QS pathways in
C. violaceum and P. aeruginosa demonstrate the intricate regulatory mechanisms governing essential
bacterial behaviours, highlighting the importance of cell-to-cell communication in microbial physiology
and adaptation.

This study aims to investigate the influence of tagatose, allulose, Rebaudioside-A (Reb-A) (E960), and
saccharin (E954) on QS-regulated phenotypes by using two well-known biosensor model bacteria. The
study assessed violacein production byC. violaceumATCC12472 and swarming and swimmingmotility
by P. aeruginosa PAO1 as phenotypic measures of QS activity and their modulation by NNSs. Gene
expression studies were carried out for the genes lasI, lasR, cviI, and cviR to assess their involvement in
the phenotypes observed. We hypothesized that artificial and naturally sourced NNS would have
different effects on QS biosensor organisms. By examining these specific bacterial models, this study
aims to gain insights into howNNSmight affect microbial communication and, by extension, the overall
balance of the gut microbiome.

Materials and methodology

Bacterial strains and culture conditions

The microorganisms used in this study were the QS biosensor strains C. violaceum ATCC 12472 and
P. aeruginosa PAO1 DSM 19880. The strains were grown in Luria-Bertani (LB) broth at 30 and 37 °C,
respectively.

Calculation of sugar concentrations

Test concentrations were established, considering each NNS’s daily maximum allowable dosage (ADI)
and the average human gut volumes (Schiller et al., 2005; Han et al., 2018; Fitch et al., 2021). Additionally,
concentrations were established using theminimum andmaximumgut volumes and the amount ofNNS
consumed in one dose (Figure 1 and Supplementary Tables S1(a) and S1(b)).

For the in vitro tests, solutions with different concentrations of NNS were prepared using sterile
distillate water. To enhance the robustness of the experimental design, saccharin was included as a
reference control in the study. This well-established NNS was selected due to its widespread use and
extensive research history (Markus et al., 2021). The inclusion of saccharin provided a reference point for
comparing the effects of the other selected natural NNSs under examination.

Violacein production

The quantification of violacein production was carried out according to a published protocol with
modifications (Santos et al., 2021). The assay was conducted in a 96-well plate containing 90 μL of the
NNS in LB broth at selected concentrations as shown in Figure 1. The plate was inoculatedwith 10 μL of a
suspension containing 10 6 CFU/mL ofC. violaceum and incubated for ~36 h at 30 °C and 150 rpm. After
the incubation period, the plates were kept at 50 °C until completely dried. Pure dimethylsulfoxide
(100 μL) was added to each well and incubated for 24 h at room temperature. The optical density (OD) at
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595 nm was then measured using a spectrophotometer (Biotek, Eon, USA). LB broth without the NNSs
was used as the untreated control. Results were expressed as percentages, comparing ODmeasurements
obtained for NNSs and the untreated control (without NNS), which was considered 100% of violacein
production.

Motility assays

The experiment was conducted following the methodology of Santos et al. (2021) with some alterations.
For the swarming assay, aliquots of the NNSs giving the required final concentrations were mixed with
10mL of the molten agar LB 0.5% (w/v) in a 90 mm-diameter sterile petri plate. Then, once the agar had
solidified, 2 μL of the overnight culture of P. aeruginosa PAO1 was inoculated at the centre of the plate.
Once the inoculum dried, the plates were closed and incubated at 37 °C for 24 h. Inhibition of swarming
motility was considered when a visual reduction of the swarm was observed in the presence of the NNS.
The untreated sample was considered a control.

For the swimming motility assay, 2 μL of an overnight culture of P. aeruginosa PAO1 was inoculated
at the centre of semi-solid LB agar 0.3% (w/v) with different concentrations of the NNSs. The plates were
then incubated for 24 h at 37 °C, and themotility diameters weremeasured and comparedwith untreated
control plates.

Growth curves for C. violaceum ATCC 12472 and P. aeruginosa PAO1

To study the growth curve of C. violaceum and P. aeruginosa PAO1 in the presence of various NNS, the
methodology described byWiegand, Hilpert, andHancockwas followedwithmodification (Santos et al.,
2021; Wiegand et al., 2008). Initially, the bacterial strains were cultured in LB broth to obtain a
standardized 1 × 106 CFU/mL inoculum. The inoculum was then introduced into microtiter plates
containing different concentrations of NNS, each dissolved in the medium to achieve the desired test
concentrations. The growth of C. violaceum and P. aeruginosa was monitored by measuring the OD at
600 nm at regular intervals using a spectrophotometer, allowing for the construction of growth curves.

Figure 1. Sweetener concentration calculations. The left side illustrates the calculated concentrations (mg/mL) of allulose, tagatose,
Reb-A, and saccharin in the intestinal environment, assuming full acceptable daily intake (ADI consumption at once. The right side
shows the calculated concentrations of the same NNS in the intestinal environment resulting from their addition to a cup of coffee.
Values A and B refer to the NNS concentration at maximum gut volume (1,112 mL) and minimum gut volume (556 mL) (Schiller et al.,
2005), respectively. Detailed calculations are provided in Supplementary Tables S2(a) and S2(b). Created in BioRender. Hoffmann
Sarda, F. (2025) https://BioRender.com/p88m840.
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Molecular docking

The molecular docking study was focused on the main proteins involved in QS in P. aeruginosa and
C. violaceum (De Kievit, 2009; Dimitrova et al., 2023; Vadakkan et al., 2024). The receptors and inducers
analysed were CviR, LasR, LasI, and RhlR, with their structures obtained from the Research Collaboratory
for Structural Bioinformatics Protein Data Bank (RCSB PDB) (Burley et al., 2023). The structure for CviI
was obtained using DeepMind’s artificial intelligence model, AlphaFold (AF) (Scardino et al., 2023). By
analysing receptors, such asCviR, LasR, and RhlR, which are essential for signal reception and the response
of autoinducers, we aimed to identify potential binding sites for QS inhibitors. Additionally, including LasI
and CviI in the analysis allowed us to explore the possibility of interfering with signal production.

The ligands involved were C6-HSL (10058590), 3-oxo-C12-HSL (3246941), N-butyryl HSL
(C4-HSL) (10130163), furanone (CID:140765), tagatose (CID:439312), saccharin (CID:5143), allulose
(CID:441036), and Reb-A (CID: 6918840). The three-dimensional (3D) structures were obtained from
the PubChem database (Kim, 2021), except for Reb-A, which was drawn using the MarvinSketch
(version 24.1.2) due to the unavailability of the 3D structure in the PubChem database. All ligands were
minimized and converted to mol2 files using OpenBabel software (O’Boyle et al., 2011). Ligands were
prepared by minimizing their structures and adding charges, while receptors were prepared using
University of California San Francisco (UCSF) ChimeraX by removing non-standard residues and
adding necessary charges. Docking was performed using AutoDock Vina (Trott and Olson, 2010), and
the best docking scores were recorded after a minimum of three runs. UCSF ChimeraX (Meng et al.,
2023) was used for the visualization and rendering of the docking results.

The PDB files of the docked ligands were then combined with their respective receptor proteins into a
single PDB file using PyMOL Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC, save
function. These combined structures were analysed using the Protein–Ligand Interaction Profiler (PLIP)
web tool to identify and characterize the interactions between the ligands and receptors (Adasme et al.,
2021).

We conducted tests on furanone (Supplementary Table S5), a known inhibitor of C. violaceum
(Santos et al., 2021), and found that it had a lower binding score than the natural ligand, C6-HSL.
Furanone derivatives like Meldrum’s acid are known QS inhibitors due to their ability to mimic natural
ligands while disrupting signalling pathways (Sadik et al., 2024). Furanone consistently showed a lower
binding affinity compared to the natural ligands 3-oxo-C12-HSL and C4-HSL.

The accuracy of the docking protocol was validated by comparing the predicted binding poses of
native ligands C6-HSL with CviR (PDB ID: 3QP6) and 3-oxo-C12-HSL with LasR (PDB ID: 3IX3)
against their experimentally determined structures using root mean square deviation (RMSD) values
(Nwabueze et al., 2022). This validation step ensured that the computational predictions closelymatched
the known bindingmodes, thereby confirming the reliability of the docking protocol for further analyses.

RNA extraction, cDNA synthesis, and qPCR testing

The assay was conducted in tubes containing 900 μL of the NNSs in LB broth at selected concentrations.
The tubes were inoculated with 100 μL of a suspension containing 106 CFU/mL of C. violaceum and
incubated for ~36 h at 30 °C and 150 rpm. Another set of tubes was inoculated with 100 μL of a
suspension containing 10 6 CFU/mL of P. aeruginosa and incubated for ~24 h at 37 °C. RNA extractions
of the samples were performed using the TRIzol method (Pahlevan Kakhki, 2014). Reverse transcrip-
tions and complementary DNA (cDNA) syntheses were performed according to the High-Capacity
cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA, USA). Quantitative polymerase
chain reaction (qPCR) experiments were performed using PowerUp SYBR Green Master mix (Applied
Biosystems, Foster City, CA, USA) using StepOnePlus™ Real-Time PCR System, and data analyses were
performed with the accompanying StepOne™ Real-Time PCR Software v2.3.

The selection of NNS concentration for the gene expression study was done based on the concen-
tration with the most prominent phenotypic inhibition, and where the growth curve was not affected.
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The objective was to test at least a pair of receptors and inducer enzymes for C. violaceum (cviR and
cviI) and for P. aeruginosa PAO1 (lasI and lasR). The selected genes and their primer pairs are listed in
Supplementary Table S3.

Statistical analyses

Statistical analysis was performed using IBM Statistical Package for the Social Sciences version 28.0.1.1
(14) (IBMCorp., Armonk, NY,USA). Before statistical analysis, datawere analysed for normality using the
Shapiro–Wilk test and homogeneity of variances using Levene’s test, where applicable (Wang et al., 2017).

For statistical analysis of parametric data, we used one-way analysis of variance (ANOVA) followed by
the least significant difference Fisher test for mean comparisons. Homogeneity of variances was tested
using Levene’s test where applicable. Where homoscedasticity was not detected, Walsh ANOVA was
performed.

For non-parametric data, we used the Kruskal–Wallis test. Data are shown as mean ± standard error
of mean. Statistical significance was set at p < 0.05. Graphical representations were created using
GraphPad Prism software version 8.0.c (GraphPad Software, Inc., San Diego, CA, USA).

Results

Violacein production

The analysis of violacein production by C. violaceum ATCC12472 in the presence of various NNSs
reveals significant effects (p < 0.05) on this QS-regulated phenotype. The study tested allulose, tagatose,
Reb-A, and saccharin at different concentrations, with results that were compared to the untreated
control group, set at 100% violacein production. For allulose, a statistically significant decrease in
violacein production was observed at 56 and 113 mg/mL concentrations (Figure 2). The substantial
reduction in violacein production at the highest concentration of allulose tested (113 mg/mL) is
associated with the antimicrobial activity observed in the growth curve analysis presented in Supple-
mentary Figure S2. This decrease in violacein production can be attributed to growth inhibition rather
than inhibition ofQS. Tagatose also showed a statistically significant decrease in all tested concentrations
(4, 8, 16, and 32 mg/mL) (Figure 2). In contrast, Reb-A and saccharin did not consistently reduce
violacein production in a clear, dose-dependent manner across all tested concentrations.

Motility assays

Swarming motility

Figure 3 shows the comparison of swarming percentages for allulose, tagatose, Reb-A, and saccharin at
different concentrations. Allulose and Reb-A exhibit themost significant reduction in swarmingmotility
as their concentrations increase, indicating a stronger inhibitory effect in a dose-dependent manner. The
substantial reduction in swarmingmotility at the highest concentration of allulose tested (113mg/mL) is
associated with the antimicrobial activity observed in the growth curve analysis presented in Supple-
mentary Figure S2. This decrease inmotility can be attributed to growth inhibition rather than inhibition
of QS. Tagatose and saccharin also reduce swarming to a smaller degree of swarming percentage
reduction compared to the more pronounced reductions caused by allulose and Reb-A. The untreated
control group maintains a 100% swarming percentage, serving as a baseline. This indicates that higher
concentrations of these NNSs can potentially inhibit bacterial swarming.

Swimming motility

Swimming motility assays demonstrated that increasing concentrations of allulose significantly reduced
swimming motility, with the highest concentrations (56.6 and 113 mg/mL) showing the most
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pronounced inhibitory effect (p < 0.05). However, the highest concentration of allulose (113 mg/mL)
exhibited antimicrobial activity, as observed in the growth curve analysis performed in this study
(Supplementary Figure S2).

Tagatose exhibited a mild reduction (≈20%) in swimming motility only at the higher concentrations
(32 mg/mL, p < 0.05), though the effect was less prominent compared to allulose (≈50%, 56.6 mg/mL,
p < 0.05). Reb-A and saccharin had no notable impact on swimming motility across all tested
concentrations, as there were no statistically significant differences compared to the untreated control
(p > 0.05).

Figure 2. Effect of NNSs on violacein production by C. violaceum ATCC 12472 expressed as percentage of production, in comparison
with the untreated control (100%). (A) Allulose; (B) tagatose; (C) Rebaudioside-A; (D) saccharin; Control = violacein production in LB
broth. Bars represent mean values ± standard deviation. Different letters comparing various treatments indicate statistically
significant differences (p < 0.05). Created in BioRender. Hoffmann Sarda, F. (2025) https://BioRender.com/p89d153.
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Growth curves for C. violaceum and P. aeruginosa PAO1

The data indicate that allulose (tested concentrations of 4.7, 9.4, 56.6, and 113 mg/mL) at higher
concentrations of 113 mg/mL influences the growth of C. violaceum and P. aeruginosa PAO1. This
suggests that higher concentrations of allulose may have antimicrobial effects on the two tested bacteria.
Growth curve results can be found in the Supplementary Figure S2.

Tagatose (tested concentrations of 4, 8, 16, and 32 mg/mL) did not affect growth in either of the QS
biosensor organisms at the tested concentrations.

Figure 3. Effect of NNSs on swarming motility in P. aeruginosa PAO1 expressed as swarming percentage, in comparison with the
untreated control (100%). (A) Allulose; (B) tagatose; (C) Rebaudioside-A; (D) saccharin; Control = Swarming in swarming agar. Bars
represent mean values ± standard deviation. Different letters comparing various treatments indicate statistically significant
differences (p < 0.05). Created in BioRender. Hoffmann Sarda, F. (2025) https://BioRender.com/v54c250.
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Reb-A (0.01, 0.02, 0.25, and 0.50 mg/mL) and saccharin (0.01, 0.02, 0.3, and 0.6 mg/mL) were also
tested. Similar to tagatose, there were no significant effects on growth, suggesting that tagatose, Reb-A,
and saccharin may not substantially impact the growth of C. violaceum and P. aeruginosa PAO1 at the
tested concentrations.

Molecular docking

Based on the obtained docking scores (Supplementary Table S5–S12), saccharin consistently exhibits
strong binding affinity across multiple receptors, including CviR, CviI, LasR, LasI, and RhIR, with
notably negative docking scores indicating a strong affinity. For instance, saccharin scored �7.3 with
CviR (3QP6) and �7.2 with LasR (3IX3), suggesting it could effectively interact with these bacterial
proteins. Similarly, Reb-A shows strong binding, particularly with LasR (3IX3, score �7.6) and RhIR
(7R3E, score �6.8).

In Figure 4(X), we illustrate molecular docking studies of the CviI protein from C. violaceum,
modelled using AF, with six compounds, including C6-HSL, furanone, saccharin, Reb-A, allulose,
and tagatose. Panels A–F show the molecular surface representation of the protein with each compound
bound in its active site, while panels G–L provide close-up ribbon diagrams highlighting specific ligand–
protein interactions. C6-HSL (A, G), the native QS ligand, fits well into the binding pocket.

Figure 4(Y) illustrates molecular docking of the CviR protein (PDB ID: 3QP6) from C. violaceum
with several compounds, including C6-HSL, furanone, saccharin, Reb-A, allulose, and tagatose. The
CviR protein, with PDB ID 3QP6, is a luxR-type transcription factor from C. violaceum. It plays a
crucial role in the control of QS, serving as its master transcriptional regulator inC. violaceum.The left
column (A–F) shows the surface representation of the protein in purple, highlighting the binding sites
for each compound in different colours. The right column (G–L) focuses on hydrogen bonding
interactions between the protein’s amino acid residues and the compounds, with blue arrows
indicating these bonds.

Amore detailed image of the protein–ligand interactions is provided in the Supplementary Figure S4.
In Figure 5(X), the molecular docking analyses of LasI (1RO5) highlight the binding interactions of

various ligands, including 3-oxo-C12-HSL, furanone, saccharin, Reb-A, allulose, and tagatose, within the
enzyme’s active site. The surface representations (A–F) and detailed binding interactions (G–L) illustrate
how these molecules occupy the active site and interact with key residues. The native ligand,
3-oxo-C12-HSL (A, G), forms critical hydrogen bonds with residues such as Arg30 and Thr145, essential
for enzymatic activity (Liu et al., 2024).

The molecular docking analyses of the RhlR (7R3E) and LasR (3IX3) transcriptional regulators from
P. aeruginosa with various ligands provide insights into their binding interactions. Data regarding RhlR
(7R3E) is provided in Supplementary Figure S3. For RhlR, ligands such as C4-HSL, furanone, saccharin,
Reb-A, allulose, and tagatose were analysed. The surface and backbone representations show how these
ligands interact with the protein, highlighting hydrogen bonding sites. Similarly, the LasR analysis with
3-oxo-C12-HSL, furanone, saccharin, Reb-A, allulose, and tagatose reveals binding energies and the
number of hydrogen bonds formed. The visualizations demonstrate the binding sites and interactions,
with blue arrows indicating hydrogen bonds.

The results obtained from the PLIP web tool are presented in Supplementary Image S4, providing
insights into the nature and strength of these interactions.

We used RMSD as a protein comparison method, as it is the most commonly used quantitative
measure of the similarity between two superimposed atomic coordinates. The most accepted range for
RMSD values is <3.0 Å, with lower RMSD values signifying enhanced stability within the system
(Kufareva and Abagyan, 2012; Nwabueze et al., 2022). The protocol was performed by comparing the
docked poses with experimentally determined structures, yielding RMSD values of 1.871 Å for LasR with
3-oxo-C12-HSL. The RMSD for CviR with C6-HSL was 1.358 Å, indicating accurate reproduction of the
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experimental bindingmode. These results support the use of docking to predict interactions and validate
the protocol’s accuracy for studying QS pathways (Supplementary Table S13).

Gene expression of target QS-related genes

For lasI expression, there was a significant difference for all NNS treatments (p < 0.05). For lasR, there are
no statistically significant differences between any of the treatment groups, suggesting that this gene is
less affected by the tested NNSs (Figure 6). Similarly, cviI and cviR expression also did not have any
statistically significant difference between the treatment groups (Figure 6). Overall, treatments with the
NNSs at the tested concentrations appear to influence las QS genes more prominently than cvi genes,
indicating potential selective effects on specific signalling pathways.

Figure 4. Molecular docking results for X column: C. violaceum CviI (AlphaFold 3D structure) tested for C6-HSL, furanone, saccharin,
Reb-A, allulose, and tagatose. Y column: C. violaceum CviR (PDB: 3QP6) was tested for C6-HSL, furanone, saccharin, Reb-A, allulose,
and tagatose. Panels A–F show themolecular surface representation of the protein with each compound bound in its active site, while
panels G–L provide close-up ribbon diagrams highlighting specific ligand–protein interactions. Created in BioRender. Hoffmann
Sarda, F. (2025) https://BioRender.com/4bsmydg.
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Discussion

The findings of this study underscore the complex interactions between various NNSs and bacterial QS
systems. The observed variability in responses emphasizes the critical need to consider the specific type
and concentration of NNS when evaluating their effects on microbial communities.

In recent years, several studies suggest that the microbiome is critically important for normal host
functions, while impaired host–microbiome interactions contribute to the pathogenesis of non-
communicable diseases (Suez et al., 2015; Bello et al., 2018). The diet has been acknowledged as able
to shape the microbiome (David et al., 2014; Wu et al., 2011), and NNSs have been implicated with
contradictory results on aberrant microbiome modifications in animal models and humans (Serrano
et al., 2021; Suez et al., 2014).

Contradictory in vitro and animal studies on stevia effects have shown its capacity to increase
(Kunová et al., 2014) and decrease (Deniņa et al., 2014) Lactobacillus strains count. However, only a

Figure 5. Molecular docking results for X column: P. aeruginosa LasI (PDB:1RO5) tested for 3-oxo-C12-HSL, furanone, saccharin, Reb-
A, allulose, and tagatose. Y column: P. aeruginosa LasR (PDB:3IX3) tested for 3-oxo-C12-HSL, furanone, saccharin, Reb-A, allulose, and
tagatose. Panels A–F show the molecular surface representation of the protein with each compound bound in its active site, while
panels G–L provide close-up ribbon diagrams highlighting specific ligand–protein interactions. Created in BioRender. Hoffmann
Sarda, F. (2025) https://BioRender.com/tn92e5u.
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single 2-week clinical trial evaluating stevia’s effects on the human gutmicrobiome has been published to
date (Suez et al., 2022). In this study, participants received saccharin, sucralose, aspartame, or stevia in
doses below the daily limit for two weeks, compared to those receiving glucose or no supplement. Each
NNS changed gut and oral bacteria and blood metabolites differently (Suez et al., 2022). This highlights
the need for further research to unravel the underlying mechanisms and assess potential health
implications, particularly in relation to the gut microbiome.

NNSs are regulated substances that undergo stringent safety evaluations beforemarket authorization.
However, due to the new techniques available and the controversial published studies, the EFSA is calling

Figure 6. Relative fold difference (ΔΔCT) in the expression of QS genes (lasI, lasR, cviI, and cviR) in response to selected treatments
(the highest concentrations with inhibitory effect). The treatments include untreated control, tagatose (32 mg/mL), Rebaudioside A
(0.5 mg/mL), saccharin (0.6 mg/mL), and allulose (56.6 mg/mL). Bars represent mean values ± standard deviation. Different letters
comparing various treatments indicate statistically significant differences between groups (p < 0.05) as determined by post hoc
analysis. Groups sharing the same letter are not significantly different. Created in BioRender. Hoffmann Sarda, F. (2025) https://
BioRender.com/ptycxsk.
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for technical data, and there is a scheduled re-evaluation currently underway (EFSA Scientific Com-
mittee et al., 2023).

In this study, we simulated a real-life condition as we calculated the concentrations that would,
hypothetically, reach the commensal or pathogenic bacteria harboured in the gut. The ingested dose
would represent the ADI for each NSS (Wierzbicka, 2021) or the recommendation in the case of allulose
and tagatose (Schiller et al., 2005; Han et al., 2018; Fitch et al., 2021).

Regarding the QS assays, violacein is a purple pigment synthesized by C. violaceum by CviI/CviR
when this QS system is active. Therefore, this test has been widely used as a model for QS research
(Dimitrova et al., 2023). In the present study, the reduction of violacein production observed in the
presence of NNS indicates QS inhibition in a concentration/type-dependent manner.

Swarming motility is also regulated by QS. It is an organized movement of bacteria across surfaces,
dependent on extensive flagellation and cell–cell interactions, which collectively contribute to biofilm
formation and infection (Rütschlin and Böttcher, 2020; Santos et al., 2021). A reduction in swarming
motility caused by NNSs is noteworthy from the perspective of QS inhibition, which aims to reduce
bacterial virulence.

The QS systems in bacteria, such as the CviIR system in C. violaceum, share structural and functional
similarities with the LuxIR systems found in otherGram-negative bacteria, including those present in the
gut microbiota (Stauff and Bassler, 2011). The QS system of C. violaceum is characterized by two key
components, the cviI and cviR genes, which are homologues of the luxI/luxR family (Venkatramanan
et al., 2020). For instance, LuxIR-like systems in gut bacteria, such as Escherichia coli and Hafnia alvei,
use AHLs to synchronize gene expression across populations (Li et al., 2019). The parallels between
CviIR and gut-associated QS systems suggest that studying these genes and their systems can provide
insights into how dietary compounds, such as NNSs, modulate bacterial communication.

Our in-silico assessment focused on evaluating a possible competitive or non-competitive effect of the
tested NNS with the native autoinducers and their receptors for C. violaceum and P. aeruginosa.While
CviI is the AHL synthase of the signalling molecule C6-HSL, the CviR protein is a transcriptional
regulator that governs gene expression following binding to C6-HSL. This system specifically regulates
violacein production and other phenotypes in this bacterium (Santos et al., 2021; Venkatramanan and
Nalini, 2024).

P. aeruginosa has two LuxIR QS systems. LasR is a critical component in the QS system of
P. aeruginosa. LasR is a transcriptional activator that regulates the expression of numerous virulence
genes in response to cell density. This regulation is mediated by the interaction of LasR with a signalling
molecule, N-3-oxo-dodecanoyl-L-HSL, synthesized by LasI (Kiratisin et al., 2002). LasR binds its native
ligand 3-oxo-C12-HSL through interactions with residues such as Trp-60 and Ser-129.

The rhlR gene in P. aeruginosa encodes a transcriptional regulator that plays a crucial role in the QS
system, particularly in regulating virulence factors and biofilm formation. RhlR works in conjunction
with its autoinducer, C4-HSL) synthesized by RhlI, to control gene expression based on cell density (Lee
and Zhang, 2015; Lima et al., 2023).

Details of homologous system to the LasIR or CviIR systems in other gut-related bacteria can be found
in Supplementary Table S14.

For each of the NNSs, we were able to uncover distinct effects and potential mechanisms by exploring
molecular docking and gene expression of the main QS pathways for the two QS biosensor models
evaluated.

Rebaudioside-A

In the current study of C. violaceum ATCC 12472, Reb-A demonstrated a statistically significant
inhibition of violacein production at higher concentrations. Reb-A also displayed high binding affinity
inmolecular docking studies with CviI/CviR. However, despite this strong affinity, Reb-A did not exhibit
a clear, significant effect on the expression of cviI or cviR genes. This discrepancy suggests that the
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concentration of Reb A used in the experiments may not have been sufficient to impact gene expression.
Another possibility is that the time point at which we analysed gene expression may not represent the
right time at which the effect may have occurred. Future studies should also consider exploring the other
genes in the pathway. Additionally, the in silico docking assay suggests binding of Reb-A to the proteins
CviI or CviR, which may not directly implicate in changes in gene expression.

In P. aeruginosa, our phenotypic tests revealed a statistically significant inhibition of swarming
motility, whereas no significant inhibition was observed for swimming motility. At the genetic level, a
statistically significant decrease in the lasI gene expression was noted.Molecular docking studies showed
high-affinity scores for Reb-A with both LasI and LasR proteins.

In a previous study, Reb A was tested on the recombinant bioluminescent E. coli K802NR-pSB1075
reporter strain at a concentration range of 10–300 mg/mL, and it did not show QS inhibitory effect in
that biosensor strain (Markus et al., 2020). However, when the mutant of P. aeruginosa PAO-JP2
(pKD-rhlA) strain was exposed to Reb A, it demonstrated significant inhibitory activity across all
concentrations tested (10–300 mg/mL), even though no growth curve was performed in the study
(Markus et al., 2020); a growth inhibitory effect may explain the difference in gene expression. This
contrasts with the K802NR strain results, highlighting variability in Reb A’s effectiveness depending
on the strain and concentrations used.

Saccharin
Saccharin demonstrated a statistically significant inhibition of violacein production in C. violaceum at
higher concentrations. Molecular docking studies revealed that saccharin exhibited high binding affinity
with CviI/CviR, similar to that of Reb A. Saccharin did not show a significant effect on cviI or cviR gene
expression.

Additionally, saccharin and Reb-A exhibited higher docking scores, similar to C6-HSL (Supplementary
Table S5); however, their molecular agreement and position in the receptor were not consistent with
those of the natural ligand (Figure 4 and Supplementary Figure S4). The natural ligand C6-HSL interacts
with amino acid residues in the ligand-binding domain of CviR, forming hydrogen bonds and
hydrophobic contacts that stabilize the complex. This highlights the importance of cautiously inter-
preting these predictions, particularly given that in vitro experiments have not demonstrated inhibition
at the tested concentrations.

In P. aeruginosa, phenotypic tests showed that saccharin exhibited a statistically significant inhibition
of swarming motility, whereas swimming motility remained unaffected. At the genetic level, a statistic-
ally significant decrease in the lasI gene expression was noted, whereas no statistically significant
differences were observed in the lasR gene expression compared to the untreated control. However,
molecular docking studies indicated high-affinity scores for saccharin with both LasI and LasR proteins.

Saccharin evaluated at other concentrations (2.7 mM) showed around 50% inhibition in the motility
test for P. aeruginosa (Markus et al., 2021), demonstrating that higher concentrations than the
physiological ones we tested can elicit stronger phenotypes. This same study investigated the binding
of artificial sweeteners, such as saccharin, sucralose, and aspartame, toQS proteins, including LasR, a key
receptor in the N-acyl homoserine lactone (AHL)-based communication system of Gram-negative
bacteria. Molecular docking demonstrated that these sweeteners interact with the ligand-binding pocket
of LasR, forming hydrogen bonds with residues, such as Tyr56, Thr75, Thr115, and Ser129 (Markus
et al., 2021). These interactions likely disrupt the proper housing of native ligands, impeding protein
folding and QS signalling without bactericidal effects (Markus et al., 2021).

Allulose
Allulose exhibited a statistically significant inhibition of violacein production in C. violaceum at the two
highest tested concentrations. However, it is clear from the growth curve analysis that the highest
concentration tested, 113 mg/mL, showed significant growth inhibition, suggesting that the observed
reduction in violacein production at 113 mg/mL was secondary to the impact on bacterial growth.
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Therefore, it is important to note that QS assays should be performed in concentrations that do not
interfere with bacterial growth (Defoirdt et al., 2013). Furthermore, gene expression analysis of cviI and
cviR, which are involved in violacein production, did not reveal any significant decrease in the presence
of allulose. Additionally, molecular docking studies indicated that allulose had a lower binding affinity
(docking scores) compared to the native ligand for both CviR and CviI proteins. This indicates that
allulose is less likely to interfere with the normal functioning of CviR and CviI, as it does not bind as
strongly as the natural ligand. Overall, these findings suggest that allulose does not significantly impact
the violacein production pathway through these proteins, suggesting a future opportunity to test the
other genes in the pathway, as a possibility to explain the phenotype.

In P. aeruginosa, allulose significantly reduced both swarming and swimming motility at higher
concentrations. Similar to C. violaceum, the highest concentration of 113 mg/mL caused growth
inhibition in P. aeruginosa.Gene expression analysis of lasI and lasR, key components of the QS system,
showed no inhibition of lasR by allulose. However, it did show a statistically significant inhibition for lasI.
Consistent with the findings in C. violaceum, allulose also had lower docking scores compared to the
native ligands of LasR and LasI proteins.

The disagreement between the phenotypic expression of certain genes and gene expression in the
presence of allulose and its lower binding affinity for these proteins could be due to several factors. Gene
expression does not always correlate with protein activity, and allulose may indirectly influence
downstream effects or affect other genes in the pathway. Additionally, molecular docking predictions
may not fully capture biological complexities (Ghasemi et al., 2017).

Tagatose
Tagatose exhibited a statistically significant inhibition of violacein production in C. violaceum, although
it did not significantly reduce the gene expression of cviI and cviR. In terms of protein interaction,
tagatose shows lower docking scores compared to the native ligand for both CviR and CviI proteins.

In P. aeruginosa, higher concentrations of tagatose led to a significant decrease in both swarming and
swimmingmotility. Gene expression analysis revealed that lasIwas statistically decreased in the presence
of tagatose, while lasR remained unaffected. Additionally, tagatose had lower docking scores compared
to the native ligand for both LasR and LasI proteins.

The discovery that NNSs exert antimicrobial effects presents a complex scenario when considered
alongside their possible role in promoting antibiotic resistance (Yu and Guo, 2022). While NNSs can
inhibit bacterial growth and even kill antibiotic-resistant pathogens, they also have the potential to
accelerate the exchange of resistance genes and stimulate bacterial evolution toward antibiotic tolerance
(Yu and Guo, 2022). This effect raises concerns about the unintended consequences of NNS consump-
tion, including disruption of gut microbiota and the potential selection of resistant bacterial strains. One
study has shown that common NNSs, such as saccharin, sucralose, aspartame, and acesulfame potas-
sium, can enhance conjugative gene transfer, which is a key mechanism for spreading antibiotic
resistance genes (Yu et al., 2021). Consequently, the widespread use of NNSs may inadvertently
exacerbate the growing issue of antibiotic resistance, underscoring the need for comprehensive research
into their long-term effects on bacterial ecosystems (Yu and Guo, 2022).

A recent review highlighted how enteropathogens can use their QS system to intensify their invasion
abilities to the intestinal mucus layer in an unbalanced gut microbiome (Su and Ding, 2023). The study
also showed howQSmodulators could be used as a therapeutic strategy to mitigate microbial infections,
for example, using QS signalling molecules or degradation enzymes.

The potential application of this study’s findings to gut bacteria, despite the use of non-native model
organisms, can be justified through several key points. First, the conservation of QS mechanisms across
bacterial species suggests that the effects observed in C. violaceum and P. aeruginosa could be indicative
of broader impacts on bacterial communication in various species, including those found in the gut
(Giannakara and Koumandou, 2022). Second, this study serves as a proof of concept, demonstrating that
NNSs can interfere with bacterial QS, which opens new avenues for research using more relevant gut
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bacterial species. Third, althoughC. violaceum and P. aeruginosa are not typical gut residents, alterations
in their behaviour could potentially impact the gut environment if introduced through food or other
means, as transient bacteria can influence the gut ecosystem. Lastly, the molecular docking results
provide a mechanistic basis for the interactions between NNS and QS receptors, which could potentially
apply to other bacterial species with similar receptors, given that many bacteria share homologous QS
receptors. These findings collectively suggest that the observed molecular interactions might extend to
gut-relevant species, warranting further investigation into the effects of NNS on gut bacterial commu-
nication and behaviour.

In conclusion, this study underscores the potential of NNS to modulate bacterial QS and associated
phenotypes within concentration-dependent ADI limits. The molecular docking evaluation of the NNS
interactions with the QS auto-inducer receptor provides a possible mechanism of action for the observed
phenotypes. Further research is necessary to fully comprehend these mechanisms and to explore the
practical applications of these findings in clinical and environmental settings.

Future directions

The exploration of NNSs and their effects on QS and the gut microbiome presents several promising
avenues for future research. Comprehensive studies are essential for evaluating the long-term effects of
NNSs on the gut microbiome and QS pathways, providing insights into potential chronic health
implications. Further, gaining mechanistic insights into how NNS influence QS at the molecular level
and gene expression could clarify the specific interactions between NNS and bacterial signalling
molecules or receptors.

Another area to explore is the interaction among NNS and their potential combined or synergistic
effects on the gut microbiome. Currently, the ADIs are established only for individual NNS. Regulatory
agencies, such as the FDA and EFSA, do not mandate the labelling of NNS quantities used, only their
listing. However, in December 2024, initiatives in South American countries were noted, where soft
drinks labels display the amounts of NNSs used, often in combinations of two or three different NNSs.

Expanding research to include a wider range of microbial species beyond the commonly studied
C. violaceum and P. aeruginosawill provide a more comprehensive understanding of how different NNS
affect various bacterial communities and their ecological roles.

Human clinical trials are crucial to assess the real-world effects of NNS on gut microbiome
composition andQS-related health outcomes, considering factors such as genetic variability and lifestyle.

Abbreviations
ADI Acceptable Daily Intake
EFSA European Food Safety Authority
FDA U.S Food and Drug Administration
NCD Non-communicable diseases
NNS Non-nutritive sweeteners
QS Quorum Sensing
Reb-A Rebaudioside-A

Supplementary material. The supplementary material for this article can be found at http://doi.org/10.1017/
gmb.2025.10006.

Disclosure statement. The authors declare none.

Author contribution. Conceptualization: F.A.H.S. andU.M.P.Methodology: F.A.H.S.,M.I.W., E.M.F.L., B.X.V.Q., D.G.,M.S.,
C.H., and U.M.P. Formal analysis: M.I.W., E.M.F.L., and M.S. Data curation: M.I.W., E.M.F.L., and M.S. Writing – original
draft: M.I.W. and F.A.H.S. Writing – review and editing: M.I.W., F.A.H.S., E.M.F.L., C.H., D.G., A.S., and U.M.P. Supervision:
F.A.H.S., U.M.P., A.S., and D.G. Funding acquisition: F.A.H.S., D.G., A.S., C.H., and U.M.P.

• F.A.H.S.: Lead the conceptualization of the study, developed the methodology, participated in writing the original draft,
reviewed and edited the manuscript, supervised the research, and acquired funding.

16 Mindani Watawana et al.

http://doi.org/10.1017/gmb.2025.10006
http://doi.org/10.1017/gmb.2025.10006


• M.I.W.: Assisted in developing the methodology, performed formal analysis, curated data, wrote the original draft, and
contributed to reviewing and editing the manuscript.

• U.M.P.: Contributed to the conceptualization of the study, participated in developing the methodology, reviewed and
edited the manuscript, supervised the research, and acquired funding.

• E.M.F.L.: Participated in developing the methodology, conducted formal analysis, curated data, and contributed to
reviewing and editing the manuscript.

• M.S.: Contributed to developing the methodology, performed formal analysis, and curated data.
• B.X.V.Q.: Contributed to the development of the methodology.
• D.G.: Participated in developing the statistical methodology, reviewed and edited the manuscript, supervised the

research, and acquired funding.
• C.H.: Assisted in developing the methodology, contributed to reviewing and editing the manuscript, and acquired

funding.
• A.S.: Reviewed and edited the manuscript, supervised the research, and acquired funding.

Funding. This work was supported by University of Limerick (M.I.W., F.A.H.S., A.S., and D.G.: grant Early Career
Scholarship; M.S.: grant Summer Bursary); São Paulo Research Foundation, FAPESP (U.M.P., C.H., and F.A.H.S.: grant
number 2013/07914–8; U.M.P. and C.H.: grant number 2024/05158–6); The National Council for Scientific and Technological
Development (CNPq) (U.M.P.: grant numbers 306685/2022–1 and 403661/2023–4; U.M.P., C.H., and F.A.H.S.: grant number
444794/2024–7), and FoundationCoordination for the Improvement ofHigher Education Personnel (CAPES-Brazil) (E.M.F.L.
for PhD scholarship).

References
Adasme MF, Linnemann KL, Bolz SN, Kaiser F, Salentin S, Haupt VJ and Schroeder M (2021) PLIP 2021: Expanding the

scope of the protein–ligand interaction profiler to DNA and RNA. Nucleic Acids Research 49 (W1), W530–W534.
Bassler BL (2002) Small talk: Cell-to-cell communication in bacteria. Cell 109 (4), 421–424.
Bassler BL and Losick R (2006) Bacterially speaking. Cell 125 (2), 237–246.
Bello MGD, Knight R, Gilbert JA and Blaser MJ (2018) Preserving microbial diversity. Science 362 (6410), 33–34.
Birmes FS, Säring R, Hauke MC, Ritzmann NH, Drees SL, Daniel J, Treffon J, Liebau E, Kahl BC and Fetzner S (2019)

Interference with Pseudomonas aeruginosa quorum sensing and virulence by the mycobacterial Pseudomonas quinolone
signal dioxygenase AqdC in combination with the N-acylhomoserine lactone lactonase QsdA. Infection and Immunity 87
(10), 00219–00278. https://doi.org/10.1128/iai.

Burley SK,Bhikadiya C,Bi C,Bittrich S,ChaoH,Chen L,Craig PA,CrichlowGV,Dalenberg K,Duarte JM,Dutta S, Fayazi
M, Feng Z, Flatt JW, Ganesan S, Ghosh S, Goodsell DS, Green RK, Guranovic V, Henry J, Hudson BP, Khokhriakov I,
Lawson CL, Liang Y, Lowe R, Peisach E, Persikova I, Piehl DW, Rose Y, Sali A, Segura J, Sekharan M, Shao C, Vallat B,
Voigt M, Webb B, Westbrook JD, Whetstone S, Young JY, Zalevsky A and Zardecki C (2023) RCSB protein data Bank
(RCSB. Org): Delivery of experimentally-determined PDB structures alongside one million computed structure models of
proteins from artificial intelligence/machine learning. Nucleic Acids Research 51 (D1), D488–D508.

Castro-Muñoz R, Correa-Delgado M, Córdova-Almeida R, Lara-Nava D, Chávez-Muñoz M, Velásquez-Chávez VF,
Hernández-Torres CE, Gontarek-Castro E and Ahmad MZ (2022) Natural sweeteners: Sources, extraction and current
uses in foods and food industries. Food Chemistry 370, 130991.

Chai W, Maskarinec G, Lim U, Boushey CJ, Wilkens LR, Setiawan VW, Le Marchand L, Randolph TW, Jenkins IC and
Lampe JW (2023) Association of habitual intake of probiotic supplements and yogurt with characteristics of the gut
microbiome in the multiethnic cohort adiposity phenotype study. Gut Microbiome 4, e14.

David LA,Maurice CF,Carmody RN,Gootenberg DB,Button JE,Wolfe BE, Ling AV,Devlin AS,VarmaY, FischbachMA,
Biddinger SB, Dutton RJ and Turnbaugh PJ (2014) Diet rapidly and reproducibly alters the human gut microbiome.
Nature 505 (7484), 559–563.

De Kievit T (2009) Quorum sensing in Pseudomonas aeruginosa biofilms. Environmental Microbiology 11 (2), 279–288.
Defoirdt T,BrackmanG andCoenye T (2013) Quorum sensing inhibitors: How strong is the evidence? Trends inMicrobiology

21 (12), 619–624.
Deniņa I, Semjonovs P, Fomina A, Treimane R and Linde R (2014) The influence of stevia glycosides on the growth of

lactobacillus reuteri strains. Letters in Applied Microbiology 58 (3), 278–284.
Devescovi G, Kojic M, Covaceuszach S, Camara M, Williams P, Bertani I, Subramoni S and Venturi V (2017) Negative

regulation of violacein biosynthesis in Chromobacterium violaceum. Frontiers in Microbiology 8, 349.
Dimitrova PD,Damyanova T andPaunova-Krasteva T (2023) Chromobacterium violaceum: Amodel for evaluating the anti-

quorum sensing activities of plant substances. Scientia Pharmaceutica 91 (3), 33.
EFSA Scientific Committee, More S, Bampidis V, Benford D, Bragard C, Hernández-Jerez A, Bennekou SH, Koutsou-

manis KP, Lambré C and Machera K (2023) Guidance on protocol development for EFSA generic scientific assessments.
EFSA Journal 21 (10), e08312.

17

https://doi.org/10.1128/iai


Fitch SE, Payne LE, van de Ligt JL, Doepker C, Handu D, Cohen SM, Anyangwe N andWikoff D (2021) Use of acceptable
daily intake (ADI) as a health-based benchmark in nutrition research studies that consider the safety of low-calorie
sweeteners (LCS): A systematic map. BMC Public Health 21 (1), 956.

FuquaC andGreenberg EP (2002) Listening in on bacteria: Acyl-homoserine lactone signalling.Nature ReviewsMolecular Cell
Biology 3 (9), 685–695.

Fuqua WC, Winans SC and Greenberg EP (1994) Quorum sensing in bacteria: The LuxR-LuxI family of cell density-
responsive transcriptional regulators. Journal of Bacteriology 176 (2), 269–275.

Ghasemi, JB., Abdolmaleki, A., & Shiri, F. (2017). Molecular docking challenges and limitations. In Pharmaceutical Sciences:
Breakthroughs in Research and Practice (pp. 770–794). IGI Global.

Giannakara M and Koumandou VL (2022) Evolution of two-component quorum sensing systems. Access Microbiology 4 (1),
000303.

Han Y, Choi BR, Kim SY, Kim S-B, Kim YH, Kwon E-Y and Choi M-S (2018) Gastrointestinal tolerance of D-allulose in
healthy and young adults. A non-randomized controlled trial. Nutrients 10 (12), 2010.

Heurlier K,Williams F,Heeb S,DormondC,Pessi G, SingerD,CámaraM,Williams P andHaasD (2004) Positive control of
swarming, rhamnolipid synthesis, and lipase production by the posttranscriptional RsmA/RsmZ system in Pseudomonas
aeruginosa PAO1, Journal of Bacteriology, 186 (10), 2936–2945.

Hosseini A, Barlow GM, Leite G,Rashid M, Parodi G,Wang J,Morales W,Weitsman S, Rezaie A, Pimentel M andMathur
R (2023) Consuming artificial sweeteners may alter the structure and function of duodenal microbial communities. Iscience
26 (12).

Joos R, Boucher K, Lavelle A, Arumugam M, Blaser MJ, Claesson MJ, Clarke G, Cotter PD, De Sordi L and Dominguez-
Bello MG (2025) Examining the healthy human microbiome concept. Nature Reviews Microbiology 23 (3), 192–205.

Kim S (2021) Exploring chemical information in PubChem. Current Protocols 1 (8), e217.
Kiratisin P, Tucker KD and Passador L (2002) LasR, a transcriptional activator of Pseudomonas aeruginosa virulence genes,

functions as a multimer. Journal of Bacteriology 184 (17), 4912–4919.
Kufareva I and Abagyan R (2012) Methods of protein structure comparison. Homology modeling: Methods and protocols,

231–257.
Kunová G, Rada V, Vidaillac A and Lisova I (2014) Utilisation of steviol glycosides from Stevia rebaudiana (Bertoni) by

lactobacilli and bifidobacteria in in vitro conditions. Folia Microbiologica 59, 251–255.
Lade H, Paul D and Kweon JH (2014) N-acyl homoserine lactone-mediated quorum sensing with special reference to use of

quorum quenching bacteria in membrane biofouling control. BioMed Research International 2014 (1), 162584.
Lee J and Zhang L (2015) The hierarchy quorum sensing network in Pseudomonas aeruginosa. Protein & Cell 6 (1), 26–41.
Li X, Zhang G, Zhu Y, Bi J,HaoH andHouH (2019) Effect of the luxI/R gene on AHL-signaling molecules and QS regulatory

mechanism in hafnia alvei H4. AMB Express 9 (1), 197.
Lima EMF, Winans SC and Pinto UM (2023) Quorum sensing interference by phenolic compounds–a matter of bacterial

misunderstanding. Heliyon 9 (7).
Liu J,Wang Z, Zeng Y,WangW,Tang S and Jia A (2024) 1H-Pyrrole-2, 5-dicarboxylic acid, a quorum sensing inhibitor from

one endophytic fungus in Areca catechu L., acts as antibiotic accelerant against Pseudomonas aeruginosa. Frontiers in
Cellular and Infection Microbiology 14, 1413728.

Markus V, Paul AA, Teralı K, Özer N,Marks RS, Golberg K and Kushmaro A (2023) Conversations in the gut: The role of
quorum sensing in normobiosis. International Journal of Molecular Sciences 24 (4), 3722.

Markus V, Share O, Shagan M, Halpern B, Bar T, Kramarsky-Winter E, Teralı K, Özer N, Marks RS, Kushmaro A and
Golberg K (2021) Inhibitory effects of artificial sweeteners on bacterial quorum sensing. International Journal of Molecular
Sciences 22 (18), 9863.

Markus V, Share O, Teralı K,Ozer N,Marks RS, Kushmaro A and Golberg K (2020) Anti-quorum sensing activity of stevia
extract, Stevioside, Rebaudioside a and their Aglycon Steviol. Molecules 25 (22), 5480.

Meenakshi S and Mohan V (2024) Decoding the mystery of non-nutritive sweeteners. International Journal of Diabetes in
Developing Countries 44 (1), 3–9.

Meng EC, Goddard TD, Pettersen EF, Couch GS, Pearson ZJ,Morris JH and Ferrin TE (2023) UCSF ChimeraX: Tools for
structure building and analysis. Protein Science 32 (11), e4792.

Mitrea L, Nemeş S-A, Szabo K, Teleky B-E and Vodnar D-C (2022) Guts imbalance imbalances the brain: A review of gut
microbiota association with neurological and psychiatric disorders. Frontiers in Medicine 9, 813204.

Nwabueze, OP., Sharma,M.,Balachandran, A.,Gaurav, A.,Abdul Rani, AN.,Małgorzata, J.,Beata, M.-M., Lavilla Jr, CA.,
& Billacura, MP. (2022). Comparative studies of palmatine with metformin and glimepiride on the modulation of insulin
dependent signaling pathway in vitro, in vivo & ex vivo. Pharmaceuticals, 15(11), 1317.

O’Boyle NM, Banck M, James CA, Morley C, Vandermeersch T and Hutchison GR (2011) Open babel: An open chemical
toolbox. Journal of Cheminformatics 3, 1–14.

18 Mindani Watawana et al.



Paczkowski JE, Mukherjee S, McCready AR, Cong J-P, Aquino CJ, Kim H, Henke BR, Smith CD and Bassler BL (2017)
Flavonoids suppress Pseudomonas aeruginosa virulence through allosteric inhibition of quorum-sensing receptors. Journal
of Biological Chemistry 292 (10), 4064–4076.

Pahlevan Kakhki M (2014) TRIzol-based RNA extraction: A reliable method for gene expression studies. Journal of sciences,
Islamic Republic of IRAN 25 (1), 13–17.

Rathaus M, Azem L, Livne R, Ron S, Ron I,Hadar R, Efroni G, Amir A, Braun T,Haberman Y and Tirosh A (2024) Long-
term metabolic effects of non-nutritive sweeteners. Molecular Metabolism 88, 101985.

Richardson IL and Frese SA (2022) Non-nutritive sweeteners and their impacts on the gut microbiome and host physiology.
Frontiers in Nutrition 9, 988144.

Rütschlin S and Böttcher T (2020) Inhibitors of bacterial swarming behavior. Chemistry–A European Journal 26 (5), 964–979.
Sadik A,Viswaswar JP,Rajamoney A,RekhaA,Raj DM,PrakashanD,VasudevanM,Visakh J,RenukaD,Hely S, Shaji SK,

Chandran PR,KumarG,VijayanNair S andHaripriyan J (2024)Mitigation of quorum sensingmediated virulence factors
of Pseudomonas aeruginosa: The role of Meldrum’s acid activated furan. Frontiers in Microbiology 14, 1272240.

Santos CA, Lima EMF, Franco BDG dM and Pinto UM (2021) Exploring phenolic compounds as quorum sensing inhibitors
in foodborne bacteria. Frontiers in Microbiology 12, 735931.

Sarda FAH andGiuntini EB (2023) Carbohydrates for glycemic control: Functional andmicrobiome aspects.Current Opinion
in Clinical Nutrition & Metabolic Care 26 (4), 341–346.

Scardino V, Di Filippo JI and Cavasotto CN (2023) How good are AlphaFold models for docking-based virtual screening?
Iscience 26 (1).

Schiller C, Fröhlich CP, Giessmann T, Siegmund W, Mönnikes H, Hosten N and Weitschies W (2005) Intestinal fluid
volumes and transit of dosage forms as assessed by magnetic resonance imaging. Alimentary Pharmacology & Therapeutics
22 (10), 971–979.

Serrano J, Smith KR, Crouch AL, Sharma V, Yi F, Vargova V, LaMoia TE, Dupont LM, Serna V, Tang F, Gomes-Dias L,
Blakeslee JJ, Hatzakis E, Peterson SN, Anderson M, Pratley RE and Kyriazis GA (2021) High-dose saccharin supple-
mentation does not induce gut microbiota changes or glucose intolerance in healthy humans andmice.Microbiome 9, 1–18.

Shrout JD, Chopp DL, Just CL,Hentzer M,Givskov M and Parsek MR (2006) The impact of quorum sensing and swarming
motility on Pseudomonas aeruginosa biofilm formation is nutritionally conditional, Molecular Microbiology, 62 (5),
1264–1277.

Singh R, Zogg H,Wei L, Bartlett A, Ghoshal UC, Rajender S and Ro S (2021) Gut microbial dysbiosis in the pathogenesis of
gastrointestinal dysmotility and metabolic disorders. Journal of neurogastroenterology and motility 27 (1), 19.

Stauff DL and Bassler BL (2011) Quorum sensing in Chromobacterium violaceum: DNA recognition and gene regulation by
the CviR receptor. Journal of Bacteriology 193 (15), 3871–3878.

Su Y and Ding T (2023) Targeting microbial quorum sensing: The next frontier to hinder bacterial driven gastrointestinal
infections. Gut Microbes 15 (2), 2252780.

Suez J, Cohen Y, Valdés-Mas R,Mor U, Dori-Bachash M, Federici S, Zmora N, Leshem A, Heinemann M and Linevsky R
(2022) Personalized microbiome-driven effects of non-nutritive sweeteners on human glucose tolerance. Cell 185 (18),
3307–3328 e3319.

Suez J, Korem T, Zeevi D, Zilberman-Schapira G, Thaiss CA, Maza O, Israeli D, Zmora N, Gilad S, Weinberger A,
KupermanY,HarmelinA,Kolodkin-Gal I, ShapiroH,HalpernZ, Segal E andElinav E (2014) Artificial sweeteners induce
glucose intolerance by altering the gut microbiota. Nature 514 (7521), 181–186.

Suez J, Korem T, Zilberman-Schapira G, Segal E and Elinav E (2015) Non-caloric artificial sweeteners and the microbiome:
Findings and challenges. Gut Microbes 6 (2), 149–155.

Trott O and Olson AJ (2010) AutoDock Vina: Improving the speed and accuracy of docking with a new scoring function,
efficient optimization, and multithreading. Journal of Computational Chemistry 31 (2), 455–461.

Vadakkan K, Ngangbam AK, Sathishkumar K, Rumjit NP and Cheruvathur MK (2024) A review of chemical signaling
pathways in the quorum sensing circuit of Pseudomonas aeruginosa. International Journal of BiologicalMacromolecules 254,
127861.

Venkatramanan M and Nalini E (2024) Regulation of virulence in Chromobacterium violaceum and strategies to combat it.
Frontiers in Microbiology 15, 1303595.

Venkatramanan M, Sankar Ganesh P, Senthil R, Akshay J, Veera Ravi A, Langeswaran K, Vadivelu J, Nagarajan S,
Rajendran K and Shankar EM (2020) Inhibition of quorum sensing and biofilm formation in Chromobacterium violaceum
by fruit extracts of Passiflora edulis. ACS Omega 5 (40), 25605–25616.

Wang Y, de Gil P, Chen Y-H,Kromrey JD,Kim ES, Pham T,Nguyen D and Romano JL (2017) Comparing the performance
of approaches for testing the homogeneity of variance assumption in one-factor ANOVA models. Educational and
Psychological Measurement 77 (2), 305–329.

Wiegand I, Hilpert K and Hancock RE (2008) Agar and broth dilution methods to determine the minimal inhibitory
concentration (MIC) of antimicrobial substances. Nature Protocols 3 (2), 163–175.

19



Wierzbicka E (2021) Sweeteners as sugar substitutes in food industry–conditions of use and consumer safety®. Poste ̨py Techniki
Przetwórstwa Spożywczego 31/58(1), 186–196.

WuGD,Chen J,HoffmannC,Bittinger K,ChenY-Y,Keilbaugh SA,BewtraM,KnightsD,WaltersWA,Knight R, Sinha R,
Gilroy E, Gupta K, Baldassano R, Nessel L, Li H, Bushman FD and Lewis JD (2011) Linking long-term dietary patterns
with gut microbial enterotypes. Science 334 (6052), 105–108.

Yu Z and Guo J (2022) Non-caloric artificial sweeteners exhibit antimicrobial activity against bacteria and promote bacterial
evolution of antibiotic tolerance. Journal of Hazardous Materials 433, 128840.

YuZ,WangY, Lu J,BondPL andGuo J (2021) Nonnutritive sweeteners can promote the dissemination of antibiotic resistance
through conjugative gene transfer. The ISME Journal 15 (7), 2117–2130.

Zare M, Zeinalabedini M, Koujan SE, Bellissimo N and Azadbakht L (2024) Effect of stevia on blood glucose and HbA1C: A
meta-analysis. Diabetes & Metabolic Syndrome: Clinical Research & Reviews, 103092.

Zhang Y, Ma N, Tan P and Ma X (2024) Quorum sensing mediates gut bacterial communication and host-microbiota
interaction. Critical Reviews in Food Science and Nutrition 64 (12), 3751–3763.

Cite this article:WatawanaM, Lima EMF,Quecan BXV, SherryM,GranatoD, Schmalenberger A,HoffmannC, PintoUMand
Hoffmann Sarda FA 2025. Impact of non-nutritive sweeteners on bacterial quorum sensing and phenotypic expression:
implications for gut microbiome dynamics. Gut Microbiome, 6, e19, 1–20. https://doi.org/10.1017/gmb.2025.10006

20 Mindani Watawana et al.

https://doi.org/10.1017/gmb.2025.10006

	Impact of non-nutritive sweeteners on bacterial quorum sensing and phenotypic expression: implications for gut microbiome dynamics
	Introduction
	Materials and methodology
	Bacterial strains and culture conditions
	Calculation of sugar concentrations
	Violacein production
	Motility assays
	Growth curves for C. violaceum ATCC 12472 and P. aeruginosa PAO1
	Molecular docking
	RNA extraction, cDNA synthesis, and qPCR testing
	Statistical analyses

	Results
	Violacein production

	Motility assays
	Swarming motility
	Swimming motility
	Growth curves for C. violaceum and P. aeruginosa PAO1
	Molecular docking
	Gene expression of target QS-related genes

	Discussion
	Rebaudioside-A
	Saccharin
	Allulose
	Tagatose


	Future directions
	Abbreviations
	Supplementary material
	Disclosure statement
	Author contribution
	Funding
	References


