
ARTIC
LE

 IN
 PRESS

Article in Press

Marine bacterium Stutzerimonas stutzeri 
mitigates Parkinson’s disease pathology in C. 
elegans via ferroptosis modulation

Scientific Reports

Received: 26 November 2025

Accepted: 27 March 2026

Cite this article as: Singh S., 
Damodaran A., Goswami S. et al. Marine 
bacterium Stutzerimonas stutzeri 
mitigates Parkinson’s disease pathology 
in C. elegans via ferroptosis modulation. 
Sci Rep (2026). https://doi.org/10.1038/
s41598-026-46881-4

Simran Singh, Anusree Damodaran, Sanskriti Goswami, Manjul Lata, Mukesh 
Pasupuleti & Sonia Verma

We are providing an unedited version of this manuscript to give early access to its 
findings. Before final publication, the manuscript will undergo further editing. Please 
note there may be errors present which affect the content, and all legal disclaimers 
apply.

If this paper is publishing under a Transparent Peer Review model then Peer 
Review reports will publish with the final article.

https://doi.org/10.1038/s41598-026-46881-4

© The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International 
License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material. You do 
not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included in the 
article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by-nc-nd/4.0/.

https://doi.org/10.1038/s41598-026-46881-4
https://doi.org/10.1038/s41598-026-46881-4
https://doi.org/10.1038/s41598-026-46881-4
http://creativecommons.org/licenses/by-nc-nd/4.0


Title

Marine Bacterium Stutzerimonas stutzeri Mitigates Parkinson's disease Pathology in C. 
elegans via Ferroptosis Modulation

Author names 

Simran Singha, c,*, Anusree Damodarana, Sanskriti Goswamia, Manjul Latab, c, Mukesh 
Pasupuletib, c, Sonia Vermaa, c#

Affiliations

aDivision of Neuroscience and Ageing Biology, CSIR-Central Drug Research Institute, Lucknow, 
UP, India; 

bDivision of Molecular Microbiology & Immunology, CSIR-Central Drug Research Institute, 
Lucknow, UP, India; 

c Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India

*First Author

#Corresponding Author

Sonia Verma 

Email Address- sonia.verma1@cdri.res.in 

Full postal address- Sonia Verma, Senior Scientist, Division of Neuroscience and Ageing 
Biology, CSIR-Central Drug Research Institute, Lucknow, UP, India.

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Abstract

Parkinson's disease (PD) is a rapidly escalating neurodegenerative disorder marked by 
dopaminergic neurodegeneration, α-synuclein aggregation, and motor and non-motor 
impairments. Current therapies largely provide symptomatic relief and fail to prevent disease 
progression, underscoring the need for novel disease-modifying strategies. The marine biome 
has emerged as an unexplored reservoir of bioactive metabolites with neuroprotective 
potential, yet their therapeutic relevance in PD remains incompletely explored. Here, we 
report that Stutzerimonas stutzeri, a marine bacterium isolated from the Gulf of Mannar, 
exerts robust neuroprotective effects in Caenorhabditis elegans PD models. Dietary 
administration of S. stutzeri rescued dopaminergic neuronal loss, mitigated α-synuclein 
expression, and improved motor and sensory phenotypes. Mechanistic analyses revealed 
suppression of ferroptosis, evidenced by restoration of iron homeostasis, attenuation of lipid 
peroxidation, and recovery of ftn-1 expression. Our findings establish S. stutzeri as a 
previously unrecognized marine-derived therapeutic prospect for PD intervention and 
highlight ferroptosis modulation as a tractable therapeutic axis in neurodegeneration.
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1. Introduction

Parkinson's disease (PD) is one of the fastest-growing neurological disorders, with prevalence 
projected to exceed 12 million cases by 2040 1,2. Its core clinical features arise from 
dopaminergic (DA) neurodegeneration in the substantia nigra pars compacta (SNpc), 
manifesting as tremor, rigidity, and bradykinesia. Non-motor symptoms such as cognitive 
decline, autonomic dysfunction, depression, and hyposmia further exacerbate disease burden 
3. Existing therapeutic modalities, including dopamine agonists and monoamine oxidase B 
inhibitors, though they offer symptomatic relief, often fall short of efficacy and are 
accompanied by a spectrum of side effects 4,5. Thus, exploring alternative approaches beyond 
symptom management and targeting underlying disease mechanisms is crucial. In this 
context, identifying and developing novel therapeutics holds immense promise for disease 
modification and improved clinical outcomes in PD.

Ferroptosis is a regulated, iron-dependent form of cell death distinct from apoptosis and 
necroptosis, first described by Dixon et al. in 2012. It is characterized by lipid peroxidation 
and has been implicated in several diseases, including neurodegeneration 6,7. In PD, elevated 
iron levels, increased lipid peroxidation, and reduced glutathione support a role for ferroptosis 
in DA neuron loss 8-12. Notably, the ferroptosis inhibitor ferrostatin-1 has been shown to 
preserve DA neurons and improve behavioral outcomes in neurotoxin-induced PD models 13. 
Additional evidence from other in vivo and in vitro PD models further reinforces the 
involvement of ferroptosis. These findings underscore the therapeutic potential of targeting 
ferroptosis in PD 14-16.

Model organisms are widely used to search for new therapies for PD because they share many 
similarities with human biology, including the molecular and cellular mechanisms involved in 
the disease. Caenorhabditis elegans is the model organism of choice for investigating the 
genetics of aging and neurodegeneration owing to its short lifespan and homology in its 
genetic makeup with humans 17,18. The available genetic C. elegans PD models display 
multiple phenotypic deficits, including age-dependent aggregation, the loss of DA neurons, 
and disruption of DA-dependent behaviors. These models have uncovered various genetic 
factors and chemical compounds that attenuate DA neurodegeneration 17,18. Thus, using these 
models can help successfully test the efficacy of and uncover new therapies based on marine 
bacteria for PD with the potential to translate to humans.

Over the past two decades, the marine environment has emerged as a rich source of 
bioactive compounds with therapeutic potential, including applications in PD. More than 50 
molecules from marine bacteria, fungi, seaweeds, and other organisms have shown promise 
in preclinical or clinical studies 19,20. For example, NP7 from Streptomyces species crosses the 
blood–brain barrier, prevents oxidative stress-induced neuronal death, and inhibits microglial 
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activation 21,22. Similarly, piloquinones A and B from Streptomyces sp. CNQ-027 acts as a 
potent monoamine oxidase-B inhibitor, a validated PD drug target 21,23. Several marine-
derived metabolites have also advanced to clinical trials: docosahexaenoic acid alleviated 
depressive symptoms in PD patients (NCT01563913), inosine increased serum and CSF urate 
levels as a potential disease-modifying agent (NCT02642393), and ganglioside GM1 showed 
early symptomatic benefits (NCT00037830) 24. These findings underscore the marine biome 
as an underexplored reservoir for developing innovative neuroprotective therapies in PD.

Here, we investigated the neuroprotective potential of Stutzerimonas stutzeri, a marine 
bacterium isolated from the sea samples collected from the Gulf of Mannar region, India. S. 
stutzeri was identified from an initial screen of marine bacterial isolates for neuroprotective 
activity in C. elegans models of PD and was selected for further mechanistic investigation 
based on its consistent protective effects. While previously studied for environmental 
applications, its therapeutic properties remain unexplored 25,26. We used transgenic C. 
elegans PD models to show that dietary administration of S. stutzeri rescues DA 
neurodegeneration, reduces α-synuclein burden, and improves motor and sensory functions. 
Mechanistically, these effects were linked to the suppression of ferroptosis, as evidenced by 
restoration of ftn-1 expression, reduced lipid peroxidation, and normalized iron homeostasis. 
These findings identify S. stutzeri as a novel marine bacterium with therapeutic potential and 
highlight ferroptosis as a tractable target for developing neuroprotective strategies in PD 
(Graphical Abstract).
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2. Materials and Methods

2.1. Isolation of Stutzerimonas. stutzeri

S. stutzeri, a marine bacterium isolated from the Gulf of Mannar, was previously collected as 
part of routine explorative work 27. Briefly, a seawater sample was collected from the Gulf of 
Mannar in transport media (g/L NaCl 28.32; MgCl2 5.14; CaCl2 1.14; KCl 0.69; KBr 0.1; H3BO3 

0.027; SrCl2 0.026; NH4Cl 0.0064; NaF 0.003; NaSiO3 0.002; FePO4 0.001; Yeast extract or beef 
extract 1.0). Serial dilutions of the collected samples were spread on Zobell's marine growth 
medium and incubated at 37°C for two days. Colonies of different morphology had been 
isolated and subjected to bacterial identification through 16S rRNA gene amplification 27.

Genomic DNA was isolated from marine bacteria using GenElute Bacterial genomic DNA kit 
mini, Sigma, Catalogue No. NA2110, and 16S rRNA gene amplification was done using the set 
of primers, 27F and 1387R, and 63F and 1525R as reported elsewhere 27. The sequence of 
these primers is provided in Table 1. The obtained amplicon was submitted for DNA 
sequencing using an ABI 3730 XL sequencer. The obtained sample was then checked for 
contigs and inconsistency among the readout of the sample with the help of the web-based 
tool DECIPHER and DNA Baser 28,29. The final processed 16S rRNA sequencing data were then 
used for blast analysis. The partial sequence of the 16S rRNA gene results obtained from the 
Standard Nucleotide Blast analysis were submitted to the NCBI accession number (NCBI 
GenBank: PQ817733.1).

2.2. Maintenance of C. elegans strains 

The following transgenic C. elegans strains were used in this study:

UA44 [baInl1 (Pdat-1::αsyn, Pdat-1::GFP)] – expresses human α-synuclein and GFP in DA neurons 
under the dat-1 promoter. This strain exhibits age-dependent DA neurodegeneration and 
reduced dopamine-dependent behaviors.

BY250 vtIs7 [Pdat-1::GFP] – expresses GFP under the DA neuron–specific dat-1 promoter, 
allowing visualization of DA neuron integrity. Worms display intact DA neurons and serve as a 
healthy control strain for UA44.

NL5901 [Punc-54::α-synuclein::YFP + unc-119(+)] – expresses human α-synuclein fused to YFP 
in body-wall muscle cells under the unc-54 promoter. This strain develops visible α-synuclein 
aggregates with age, enabling quantification of aggregation burden.

The UA44 strain was kindly gifted by Dr. Anoopkumar Thekkuveettil (Sree Chitra Tirunal 
Institute for Medical Sciences and Technology, Thiruvananthapuram, Kerala, India). Other C. 
elegans strains were obtained from the Caenorhabditis Genetics Center (University of 
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Minnesota, USA) and maintained on nematode growth medium (NGM) plates seeded with 
Escherichia coli OP50 at 20°C 30. To obtain synchronized populations, adult worms were 
bleached to isolate eggs hatched in M9 buffer and arrested at the first larval (L1) stage after 
16–18 h at 20°C 30. Age-synchronized L1 larvae were then transferred to experimental NGM 
plates seeded with either OP50 or S. stutzeri.

All phenotypic, behavioral, and molecular analyses were conducted on Day 3 of adulthood, 
with the identical feeding regimen applied across all experiments. Day 3 of adulthood was 
selected because DA neurodegeneration and α-synuclein–associated phenotypes are robustly 
detectable at this stage in established C. elegans models of PD 31. 

2.3. Preparation of bacteria-seeded NGM plates 

Both E. coli OP50 and S. stutzeri were cultured overnight at 37°C under strain-specific 
conditions, with OP50 grown in Luria–Bertani broth (GLR Innovations, Cat. No. GLRCM0054) 
and S. stutzeri in Zobell's Marine Broth (HiMedia, Cat. No. M385-500G). Following incubation, 
bacterial cells were pelleted by centrifugation at 6000 rpm, washed thrice with M9 buffer, and 
resuspended in the same buffer to a 2 mg/mL concentration. A 0.5 mL aliquot of this 
suspension was spread on 60 mm NGM plates, which were left in a laminar hood for 16 h 
before putting L1-stage worms. To suppress progeny development, fluoro-2′-deoxy-β-uridine 
(TCI, Cat. No. D2235) was added at a 0.1 mg/mL concentration at the fourth larval stage 32. 
Worms at day three of adulthood were used for subsequent assessments. Under the 
experimental conditions used, S. stutzeri formed stable bacterial lawns, and worms exhibited 
normal feeding behavior without overt aversion or gross phenotypic abnormalities compared 
with OP50-fed controls.

2.4. Assessment of DA neuronal health

The degeneration of DA neurons was assessed on Day 3 of adulthood by analysing the 
fluorescence images of UA44 and BY250 33. Worms were collected from culture plates, 
washed with M9 buffer, and mounted on 2% agarose pads prepared on glass slides. Animals 
were anesthetized with 30 mM sodium azide (Sigma, Cat. No. S2002) and covered with a 
coverslip. Fluorescence images of the head region were acquired at 20× magnification using 
a Leica DMi6000 microscope. Images were quantified through ImageJ software by closely 
selecting DA neurons of the head region of worms (ImageJ, National Institutes of Health, 
Bethesda, MD). A minimum of 40 worms (pooled from at least three independent biological 
replicates) were imaged for each experiment condition.

2.5. Assessment of α-synuclein expression
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Alpha-synuclein expression was assessed on Day 3 of adulthood by analysing the 
fluorescence images of NL5901 34. Worms were collected, washed with M9 buffer, and 
mounted on 2% agarose pads prepared on glass slides. Worms were anesthetized using 30 
mM sodium azide and immobilized under a coverslip. Fluorescence images were captured at 
10x magnification with a Leica DMi6000 fluorescence microscope. Quantification of 
fluorescence intensity was subsequently performed using ImageJ software. A minimum of 40 
worms (pooled from at least three independent biological replicates) were imaged per 
experimental condition.

2.6. Quantification of pharyngeal pumping rate 

The pharyngeal pumping rate was quantified on Day 3 of adulthood following the established 
protocol 35. Briefly, a minimum 30-second video was recorded for each worm under a 
dissection microscope (Weswox Optik SZM-102) fitted with a camera. Pharyngeal contractions 
were manually counted over 30 seconds to determine the pumping rate. For each 
experimental condition, at least 40 worms (pooled from at least three independent biological 
replicates) were analyzed. 

2.7. Nonanol repulsion assay

The nonanol repulsion assay was conducted on Day 3 of adulthood to evaluate avoidance 
behavior in C. elegans following a modified version of established protocols 36,37. Worms were 
thoroughly washed with M9 buffer, and at least 30 worms were transferred to the centre of 60 
mm unseeded NGM plates divided into four quadrants. A 1 µL drop of 1-nonanol (TCI, Cat. No.  
N0292) was placed on diagonally opposite quadrants. After 45-minute incubation at 20 °C, 
worms were counted in each quadrant, and a repulsion index was calculated using the 
formula: 

Repulsion Index = Number of worms (Nonanol quadrant - Non-Nonanol Quadrant)
                                                     Total Number of worms

The assay was repeated with at least three independent biological replicates.

2.8. RNA isolation and quantitative real-time PCR (qRT-PCR) 

On Day 3 of adulthood, worms were collected, washed with M9 buffer, and homogenized in 
Trizol (Sigma-Aldrich, T9424-200ML) reagent through repeated freeze-thaw cycles and 
vortexing. Total RNA was extracted using phenol:chloroform: isoamyl alcohol separation 
followed by isopropanol precipitation, and approximately 2 μg of purified RNA was reverse-
transcribed into cDNA using GoScript Reverse Transcription System (Promega, Cat. No. 
A5001) 35. qRT-PCR was performed using SYBR Premix Ex Taq (TaKaRa Bio Inc., Cat. No. 
RR420A) and RT-PCR machine (Biorad-CFX96), with β-actin serving as the internal control for 
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normalization. Gene expression was analyzed using the 2−∆∆Ct method 35. The sequences of all 
primers used in this study are given in Table 1.

2.9. BODIPY staining 

BODIPY 581/591 (Invitrogen, Cat. No. D3861) is a lipid peroxidation–sensitive dye that emits 
red fluorescence in its reduced (non-oxidized) state and shifts to green fluorescence upon 
oxidation. Therefore, lipid peroxidation was quantified by calculating the ratio of green 
(oxidized) to red (non-oxidized) fluorescence intensity. BODIPY staining was performed on Day 
3 of adulthood following established protocols to assess lipid distribution in C. elegans 38. A 5 
mg/ml BODIPY stock solution was prepared in DMSO and diluted to a 1 μg/ml working 
concentration in M9 buffer. On Day 3 of adulthood, worms were collected, washed, and 
incubated with 500 μl of the staining solution for 90 min at room temperature with gentle 
rotation. Post-incubation, worms were washed and mounted on slides. Fluorescence images 
were captured at 10x magnification with a Leica DMi6000 fluorescence microscope. 
Quantification of fluorescence was carried out using ImageJ software. A minimum of 40 worms 
(pooled from at least three independent biological replicates) were imaged per experimental 
condition.

2.10. Malondialdehyde (MDA) assay

MDA levels were measured on Day 3 of adulthood using the MDA Colorimetric Assay Kit 
(Elabsciences, Cat. No. E-BC-K025-S) according to the manufacturer's instructions. Briefly, 
protein extracts prepared from worm pellets were reacted with clarificant, acid reagent, and 
chromogenic solution, while control reactions replaced the chromogenic solution with 50% 
glacial acetic acid. Samples were incubated at 95°C for 2 h in a water bath and then rapidly 
cooled under running water to stabilize the reaction products. The absorbance of the resulting 
mixtures was recorded at 532 nm, and MDA concentrations were quantified using the 
standard formula provided in the kit protocol. The assay was repeated with at least three 
independent biological replicates.

2.11. Tissue iron content assay

Total iron concentrations were quantified on Day 3 of adulthood using the Tissue Iron Content 
Assay Kit (RealGene, Cat. No. 250435) according to the manufacturer's protocol. Briefly, worm 
pellets were homogenized in the provided extraction buffer by sonication and centrifuged at 
4000 × g. The resulting lysates were incubated with the provided reagents and standards, 
heated briefly in a boiling water bath, and rapidly cooled. The aqueous phase was collected 
for analysis after chloroform extraction and high-speed centrifugation at 10,000 rpm. 
Absorbance was measured at 520 nm, and iron levels were calculated based on the kit's 
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specified formula. The assay was repeated with at least three independent biological 
replicates.

2.12. Transcriptomic analysis

For each condition (UA44 fed on either OP50 or S. stutzeri), worms were cultured in six 
independent biological replicates, with approximately 500 worms per replicate. On the third 
day of adulthood, three replicates were pooled, generating two pooled biological samples 
(>1500 worms each) per condition 39-42. Worm pellets were washed, snap-frozen, and 
processed at Biokart Genomics Lab (Bengaluru, India) for RNA isolation, sequencing, and 
analysis. Briefly, total RNA was extracted using the RNeasy Mini Kit (Qiagen), and integrity 
was verified (RNA Integrity Number > 7.0). Libraries were prepared with the NEBNext Ultra II 
RNA Library Prep Kit and sequenced on an Illumina HiSeq platform to obtain paired-end reads. 
RNA-Seq data was analyzed using the Galaxy platform 43. Quality assessment (FastQC) and 
trimming (Trimmomatic) were followed by alignment to the C. elegans ce11 genome (HISAT2) 
and quantification (featureCounts). Differential expression analysis was conducted using the 
LIMMA package after voom normalization. Genes with an adjusted p ≤ 0.05 and |log2 fold-
change| ≥ 0.5 were considered significantly differentially expressed.

2.13. Functional enrichment analysis

Functional enrichment analysis of Gene Ontology (GO) terms was performed using the 
Database for Annotation, Visualization, and Integrated Discovery (DAVID) 
(https://david.ncifcrf.gov/) 44. Enriched functional categories were defined as GO terms or 
Reactome pathways with statistical significance at p ≤ 0.05. The GO analysis encompassed 
biological processes, cellular components, and molecular functions, thereby characterizing the 
activities and subcellular localization of the associated genes. Visualization of enriched GO 
terms and Reactome pathways was conducted in RStudio (version 1.3.959; 
https://rstudio.com/) using the ggplot2 package to generate bubble plots 45. 

2.14. Statistical analysis

Statistical analyses were performed using GraphPad Prism version 8.0 (GraphPad Software, La 
Jolla, CA, USA). Data are presented as mean ± standard deviation. Comparisons between 
groups were conducted using Student's t-test, and differences were considered statistically 
significant at p ≤ 0.05.
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3. Results

3.1. 16S rRNA sequencing confirms the identity of the isolate as S. stutzeri

The first objective was to identify the bacteria to avoid redundancy and repetition of the 
work. So we have performed the PCR amplification and sequencing of the 16S rRNA gene 
with the help of universal 16S rRNA primer sets. The obtained 1.5 kb long amplicon 
sequence was checked for contigs and inconsistencies to remove the low readout bases 
from the sequence and enhance the quality of the sequence. The blast analysis results of 
the final processed 16S rRNA sequencing data was then used for Standard Nucleotide blast 
analysis using 16S ribosomal RNA (Bacteria and Archaea type strains), and other default 
settings showed that the isolated bacterium is Stutzerimonas stutzeri (Supplementary 
Information 1). 

Recent advances in whole genome sequencing techniques have indicated that 
Stutzerimonas is a new genus with some similarity to that of Pseudomonadaceae 46. 
Stutzerimonas stutzeri has earlier been reported as a Gram-negative, facultative anaerobic 
bacterium with natural denitrification ability 47.  

3.2. S. stutzeri prevents DA neurodegeneration in UA44

PD pathology in humans is defined by progressive degeneration of DA neurons in the SNpc 
48. To model this hallmark feature in C. elegans, we examined DA neuron integrity using 
fluorescence microscopy on day three of adulthood. As expected, UA44 (OP50) (24.89 ± 
1.05) worms exhibited a significant reduction in DA neuron fluorescence compared to the 
control strain BY250 (OP50) (42.31 ± 1.48; p < 0.0001), confirming the degenerative 
phenotype. Strikingly, UA44 (S. stutzeri) (35.58 ± 0.96; p < 0.0001)  displayed a 
significant prevention of DA neuron fluorescence intensity relative to UA44 (OP50), 
indicating that S. stutzeri exerts a neuroprotective effect on DA neurons and mitigates PD-
like pathology (Figure 1A and 1B). 

To exclude potential developmental confounding, we assessed developmental rate in 
BY250 (OP50), UA44 (OP50), and UA44 (S. stutzeri). No significant differences were 
observed between the two conditions (Supplementary Information 2).

3.3. S. stutzeri prevents neuro-sensory and motor deficits in UA44

After establishing DA neuroprotection, we assessed whether S. stutzeri influences 
dopamine-dependent behaviour on Day 3 of adulthood. Dopamine regulates multiple 
processes in C. elegans, including motivation, memory, and motor control, and changes in 
dopamine levels alter responses to attractants and repellents 49,50. We used the well-
established 1-nonanol repellent assay to indirectly estimate dopamine function, where 
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normal dopamine promotes robust avoidance, while reduced dopamine delays repulsion 
51,52. In the 1-nonanol repellent assay, UA44 (OP50) worms (-0.14 ± 0.04) exhibited a 
significantly reduced aversive response compared to BY250 (OP50) (-0.66 ± 0.03; p < 
0.0001), consistent with impaired dopamine signalling.  Importantly, UA44 (S. stutzeri) 
worms (-0.72 ± 0.04; p < 0.0001) displayed a significant improvement in repulsion index 
relative to UA44 (OP50), indicating preservation of dopamine-associated chemotaxis 
(Figure 2A).

To further evaluate motor function, we measured pharyngeal pumping, a rhythmic 
neuromuscular behavior that reflects both neural and muscle health 53,54. Increased 
expression-dependent aggregation of α-synuclein is known to suppress this behavior. 
Consistent with this, UA44 (OP50) worms (52.50 ± 2.09) exhibited a significant reduction 
in pumping rate compared to BY250 (OP50) (86.60 ± 3.37; p < 0.0001), validating the 
neuromuscular deficit in the PD model. Remarkably, UA44 (S. stutzeri) worms (79.40 ± 
3.19; p < 0.0001) retained significantly higher pharyngeal pumping rates than UA44 
(OP50), demonstrating a protective effect of S. stutzeri against α-synuclein-induced 
dysfunction (Figure 2B).

3.4. S. stutzeri limits α-synuclein expression in NL5901

Elevated α-synuclein is a central driver of neurodegeneration in mammalian and C. 
elegans models of PD 55. To determine whether S. stutzeri modulates α-synuclein 
pathology, we employed the NL5901 transgenic strain. on Day 3 of adulthood, NL5901 
(OP50) worms exhibited pronounced α-synuclein expression, evident as increased 
punctate fluorescence (86.14 ± 4.44), confirming the aggregation-prone phenotype. By 
contrast, NL5901 (S. stutzeri) (71.83 ± 3.09; p < 0.01) displayed a significant reduction in 
fluorescence intensity relative to NL5901 (OP50), indicating suppression of α-synuclein 
accumulation (Figure 3A and 3B).

To dissect this effect, we quantified α-synuclein mRNA levels. NL5901 (S. stutzeri) worms 
showed a significant decrease in α-synuclein transcript (0.20 ± 0.20; p < 0.05) relative to 
NL5901 (OP50) (Figure 3C). This reduction suggests that S. stutzeri likely acts at the 
transcriptional level, at least in part, thereby limiting α-synuclein mRNA availability and 
downstream protein accumulation.

3.5. S. stutzeri drives global transcriptomic modulation

Given the protective effects of S. stutzeri on DA neurons, behavior, and α-synuclein 
expression, we next compared the transcriptomic profiles of UA44 (OP50) and UA44 (S. 
stutzeri) on Day 3 of adulthood. This analysis identified 11,950 differentially expressed 
genes (DEGs) (p ≤ 0.05, |log2 fold-change| ≥ 0.5), including 5,812 upregulated and 6,138 
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downregulated transcripts in the S. stutzeri group (Figure 4A and 4B). A heatmap of the 
top 50 DEGs revealed clear segregation between the two conditions, highlighting distinct 
transcriptional signatures (Figure 4C). These results demonstrate that S. stutzeri induces 
widespread transcriptomic reprogramming in the UA44 PD model, providing a foundation 
for pathway-level analyses to uncover mechanisms underlying its neuroprotective effects. 

3.6. Functional and pathway analysis of DEGs links transcriptional changes to 
iron homeostasis

We performed comprehensive GO and pathway enrichment analyses to explore the 
functional significance of the 11,950 DEGs. GO analysis identified the top five significantly 
enriched biological processes, which included proteolysis, protein dephosphorylation, 
locomotion, protein transmembrane transport, and response to heat (Figure 5A and 
Supplementary Information 3). The top five significantly enriched molecular functions 
involved protein binding, ATP binding/hydrolysis, cuticle structural constituents, and 
metallopeptidase activity (Figure 5B and Supplementary Information 3). The most 
significantly enriched cellular components included cytoplasm, nucleus, mitochondria, 
cytosol, and extracellular region (Figure 5C and Supplementary Information 3). 
Reactome pathway analysis further revealed enrichment of neutrophil degranulation, 
metabolism, aerobic respiration, respiratory electron transport, nucleotide excision repair, 
and iron uptake/transport pathways (Figure 5D and Supplementary Information 3). 
These results indicate that the DEGs are functionally linked to proteostasis, energy 
metabolism, and iron homeostasis, highlighting pathways relevant to neurodegeneration 
and PD pathology.

3.7. S. stutzeri protects against ferroptosis in UA44 worms

Reactome pathway analysis of DEGs highlighted the dysregulation of the iron uptake and 
transport pathway, a process closely associated with ferroptosis, an iron-dependent form 
of regulated cell death. Aberrant iron accumulation in the SNpc and ferroptosis-related 
oxidative damage have been consistently reported in PD patients, positioning ferroptosis 
as a mechanistic driver of DA neurodegeneration and leading us to hypothesize that S. 
stutzeri may confer neuroprotection by modulating ferroptosis 56,57. In our transcriptomic 
dataset, the C. elegans ortholog of the gene coding for ferritin heavy chain, ftn-1, was 
significantly downregulated in UA44 (S. stutzeri) (log2 fold-change= -2.88; p <0.01) 
compared to UA44 (OP50) (Figure 6A). This finding was independently validated by qRT-
PCR, which confirmed reduced ftn-1 expression in UA44 (S. stutzeri) (0.26 ± 0.14; p < 
0.01) (Figure 6B). This downregulation likely reflects reduced iron burden and ferroptotic 
stress in UA44 (S. stutzeri).
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Building on this molecular evidence, we next measured functional markers of ferroptosis, 
including lipid peroxidation, MDA levels, and tissue iron content on Day 3 of adulthood 58. 
BODIPY staining revealed UA44 (OP50) exhibited a significant increase in oxidised: non-
oxidised lipids ratio (2.99 ± 0.25) compared to BY250 (OP50) (0.24 ± 0.02; p < 0.0001) 
(Figure 6C). Similarly, MDA levels were significantly elevated in UA44 (OP50) (1.68 ± 
0.20) relative to BY250 (OP50) (0.75 ± 0.11; p < 0.05) (Figure 6D). In addition, tissue iron 
content was markedly higher in UA44 (OP50) (1.23 ± 0.18) compared to BY250 (OP50) 
(0.30 ± 0.21; p <0.05) (Figure 6E). Collectively, these results indicate enhanced 
ferroptosis in the UA44 PD model.

Notably, UA44 (S. stutzeri) worms exhibited significantly reduced oxidised: non-oxidised 
lipids ratio (0.12 ± 0.01; p < 0.0001), MDA levels (0.74 ± 0.08; p < 0.05), and iron 
accumulation (0.17 ± 0.09; p <0.01) compared to UA44 (OP50) (Figure 6C-E). These 
results provide strong evidence that S. stutzeri mitigates ferroptosis-related oxidative 
stress, thereby alleviating a key pathogenic process underlying PD-like neurodegeneration.
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4. Discussion

Here, we report the neuroprotective effects of Stutzerimonas stutzeri, a marine-derived 
bacterium previously unrecognized for its role in neuroprotection. S. stutzeri supplementation 
conferred robust neuroprotection across multiple PD-relevant phenotypes. In UA44 worms, S. 
stutzeri preserved DA neuron integrity, mitigating hallmark neurodegeneration. Importantly, 
this structural protection translated into functional rescue: worms fed OP50 showed impaired 
dopamine-dependent chemotaxis and α-synuclein–linked suppression of pharyngeal pumping, 
which S. stutzeri ameliorated. These results suggest that S. stutzeri prevents DA neuron loss 
and preserves sensory-motor outputs critical for organismal fitness. 

α-Synuclein aggregation is a central driver of PD pathogenesis 59. Using the NL5901 strain, we 
found that S. stutzeri reduced α-synuclein aggregation while decreasing transcript and protein 
levels. This dual suppression suggests a mechanism that operates upstream at the 
transcriptional level, reducing the protein pool available for misfolding. Targeting α-synuclein 
expression is an attractive therapeutic strategy, complementing ongoing approaches aimed 
at aggregation clearance or immunotherapy 60.

Whole-transcriptome analysis revealed many differentially expressed genes in UA44 worms 
fed S. stutzeri, implicating global reprogramming of proteostasis, stress response, and 
metabolic networks. Notably, Reactome enrichment highlighted iron uptake and transport, a 
pathway closely tied to ferroptosis. Ferroptosis, an iron-dependent form of regulated cell 
death, is increasingly recognized as a driver of PD progression 61,62. Human studies have 
demonstrated excess iron deposition in the SNpc correlating with DA neuron loss and 
impaired striatal function 61,62. Iron chelators are promising therapies for PD by reducing iron-
induced oxidative stress and DA neuron loss. Deferiprone, which crosses the blood-brain 
barrier, has shown efficacy in phase II trials by lowering iron in the SNpc and improving motor 
symptoms in early PD 63,64. Natural polyphenols also provide neuroprotection by binding iron 
and reducing oxidative damage and α-synuclein aggregation 65. Consistent with these clinical 
insights, our transcriptomic analysis revealed that S. stutzeri downregulated ftn-1, the ferritin 
heavy chain ortholog, suggesting alleviation of iron burden and ferroptotic stress. To 
substantiate this interpretation, we assessed biochemical markers of ferroptosis: UA44 (OP50) 
worms displayed elevated lipid peroxidation, MDA levels, and tissue iron content, all 
significantly reduced upon S. stutzeri supplementation. Although ferritin is often upregulated 
as a protective response to iron overload, reduced ftn-1 expression in UA44 (S. stutzeri) 
occurs concomitantly with normalized iron levels and diminished oxidative damage 66,67. This 
pattern is consistent with alleviation of iron stress and a reduced requirement for ferritin-
mediated iron sequestration following restoration of iron homeostasis, rather than impaired 
iron buffering. These findings identify S. stutzeri as a novel biological intervention that 
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attenuates ferroptosis-linked stress, thereby safeguarding DA neurons from iron-driven 
oxidative injury.

Stutzerimonas spp. are versatile bacteria with diverse applications: environmental 
bioremediation (degrading hydrocarbons, pesticides like chlorpyrifos, and heavy metals); 
agricultural biotechnology (promoting plant growth, enhancing salt stress tolerance via biofilm 
formation and nutrient cycling); wastewater treatment (aerobic denitrification, selenium 
oxyanion reduction); and production of antimicrobial compounds against drug-resistant 
pathogens 25,26,68-70. This work establishes S. stutzeri as a previously unrecognized marine-
derived bacterium with potent neuroprotective activity in C. elegans PD models, thereby 
unveiling an untapped microbial resource with promising neurotherapeutic potential. Marine 
polysaccharides such as fucoidan from brown algae exhibit antioxidant and anti-inflammatory 
effects, protecting DA neurons and crossing the blood-brain barrier 71. Bromophenols sourced 
from red algae like Symphyocladia latiuscula act as multi-target agents, functioning as MAO-A 
inhibitors and dopamine receptor agonists, thus offering neuroprotection relevant to PD and 
other neurodegenerative conditions 72. Within this landscape, S. stutzeri represents a new 
category: a marine bacterium with previously unrecognized neuroprotective activity. Its ability 
to modulate α-synuclein expression, DA neuron survival, and ferroptosis-associated oxidative 
stress positions it as a unique therapeutic candidate.

The multifaceted actions of S. stutzeri—encompassing DA neuron preservation, behavioral 
rescue, suppression of α-synuclein, and inhibition of ferroptosis-associated oxidative stress—
highlight the value of microbial interventions targeting convergent mechanisms of PD 
pathology. At the same time, limitations remain: C. elegans lacks the complex brain circuitry 
of mammals, and the precise bacterial factors responsible for neuroprotection remain 
unidentified. Future studies should aim to isolate S. stutzeri-derived metabolites, test efficacy 
in mammalian PD models, and assess safety and translational feasibility. While our data 
demonstrate attenuation of iron-dependent lipid peroxidation and oxidative stress, they do 
not conclusively establish direct inhibition of ferroptotic cell death. Accordingly, our findings 
are best interpreted as modulation of ferroptosis-associated oxidative stress. The absence of 
pharmacological validation using a canonical ferroptosis inhibitor such as ferrostatin-1 
represents a limitation of the current study. Future studies incorporating genetic or 
pharmacological ferroptosis modulators will be important to further delineate the contribution 
of ferroptotic pathways to the neuroprotective effects of S. stutzeri.

While this study demonstrates neuroprotection by S. stutzeri, we did not perform a 
comprehensive quantitative assessment of baseline physiological parameters in non-disease 
control strains, although no overt developmental or behavioral abnormalities were observed. 
Importantly, the observed effects were phenotype-specific, selectively rescuing DA neuron 
integrity, dopamine-dependent behaviors, α-synuclein burden, and ferroptosis-associated 
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molecular markers, rather than broadly enhancing physiological outputs. Together with 
transcriptomic and biochemical evidence linking S. stutzeri to modulation of iron homeostasis 
and oxidative stress pathways, these findings argue against a nonspecific dietary effect, while 
highlighting directions for future investigation.

Although S. stutzeri demonstrates robust neuroprotective effects in C. elegans, we do not 
currently envision its direct use as a probiotic in humans, given its marine origin and lack of 
established compatibility with the human gut microbiome. Rather, S. stutzeri serves as a 
valuable biological source for the discovery of neuroactive metabolites or postbiotic factors 
capable of modulating α-synuclein expression and iron-dependent oxidative stress. Future 
studies aimed at isolating and characterizing these bacterial-derived factors, followed by 
validation in mammalian models, will be essential for assessing translational potential.

Collectively, our work identifies S. stutzeri as a novel marine-derived bacterium with potent 
neuroprotective activity. By addressing core pathogenic processes—iron dysregulation, 
ferroptosis-associated oxidative stress, and α-synuclein accumulation—S. stutzeri exemplifies 
how marine microbes can serve as innovative resources for developing disease-modifying 
therapies in PD. Given the limitations of current symptomatic treatments and the urgent need 
for disease-modifying strategies, these findings advance understanding of marine microbe-
derived interventions targeting fundamental pathogenic drivers, such as iron dysregulation 
and ferroptosis-associated oxidative stress.
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Highlights

1. Marine bacterium S. stutzeri preserves dopaminergic neurons in C. elegans Parkinson's 
disease models.

2. S. stutzeri restores dopamine-dependent behaviors in UA44 worms.
3. S. stutzeri reduces α-synuclein expression.
4. Induces widespread transcriptomic remodelling; pathway enrichment highlights iron 

uptake and transport, implicating ferroptosis as a central target of S. stutzeri.
5. Downregulates ftn-1 (ferritin heavy chain ortholog) and significantly reduces lipid 

peroxidation, malondialdehyde, and iron levels.
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Table 1: Details of Primers used in the study:

Target Primer Sequence
27F AGAGTTTGATCMTGGCTCAG
1387R GGGCGGWGTGTACAAGGC
63F CAGGCCTAACACATGCAAGTC
1525R AGGAGGTGWTCCARCC
Forward AGAACATTCAGAAGCCAGAGFtn-1
Reverse GATCGAATGTACCTGCTCTTC
Forward GACAAAAGAGGGTGTTCTCTα-

synuclein Reverse GACAAAGCCAGTGGCTGC
Forward GCTGGACGTGATCTTACTGATTACCβ-actin
Reverse GTAGCAGAGCTTCTCCTTGATGTC

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Graphical Abstract 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Figure 1. S. stutzeri preserves dopaminergic neurons in the C. elegans PD model.

(A) Representative fluorescence micrographs of dopaminergic (DA) neurons in the head 
region of day 3 adult worms from control strain BY250 (OP50), PD model strain UA44 (OP50), 
and UA44 fed with S. stutzeri. The indicated region (yellow dashed lines) outlines the head 
area used for fluorescence quantification, which includes dopaminergic neuronal cell bodies 
and their dendritic processes, and reflects the combined signal from these structures. BY250 
worms show intact DA neurons, whereas UA44 (OP50) worms exhibit pronounced DA 
neurodegeneration. UA44 (S. stutzeri) worms display preserved DA neuronal morphology. 
Magnification = 20X. 

(B) Quantification of DA neuronal fluorescence intensity by ImageJ. UA44 (OP50) worms 
showed a significant reduction compared to BY250 (OP50), confirming DA neurodegeneration 
in the PD model. Supplementation with S. stutzeri significantly restored DA neuronal 
fluorescence intensity in UA44 worms. n ≥ 40 worms (pooled from at least three independent 
biological replicates).

Data are presented as mean ± SD; ****p < 0.0001 compared to UA44 (OP50).
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Figure 2. S. stutzeri rescues dopamine-dependent chemotaxis and pharyngeal 
pumping deficits in the C. elegans PD model.

(A) Repulsion index in the 1-nonanol avoidance assay. UA44 (OP50) worms displayed a 
significantly reduced aversive response compared to BY250 (OP50), consistent with impaired 
dopamine-dependent chemotaxis. Feeding UA44 worms with S. stutzeri significantly improved 
the repulsion index, indicating restoration of dopamine-associated behavior. n=4 biological 
repeats with ≥30 worms per repeat.

(B) Quantification of pharyngeal pumping rate (contractions per 30 s). UA44 (OP50) worms 
exhibited a significant reduction in pumping rate compared to BY250 (OP50), validating 
neuromuscular dysfunction associated with α-synuclein toxicity. S. stutzeri supplementation 
significantly restored pharyngeal pumping in UA44 worms. n ≥ 40 worms (pooled from at 
least three independent biological replicates).

Data are presented as mean ± SD; ***p < 0.001, ****p < 0.0001, compared to UA44 (OP50).
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Figure 3. S. stutzeri reduces α-synuclein expression in the NL5901 C. elegans PD 
model.

(A) Representative fluorescence micrographs of NL5901 worms expressing human α-
synuclein::YFP in body-wall muscle, showing increased fluorescence in worms fed OP50 
compared to those fed S. stutzeri. Magnification=10X.

(B) Quantification of α-synuclein::YFP fluorescence intensity. NL5901 (OP50) worms displayed 
significantly elevated expression compared to NL5901 (S. stutzeri) worms, which exhibited 
reduced fluorescence intensity, indicating suppression of α-synuclein accumulation. n ≥ 40 
worms (pooled from at least three independent biological replicates).

(C) qRT-PCR analysis of α-synuclein transcript levels normalized to β-actin. NL5901 worms fed 
with S. stutzeri showed a significant reduction in α-synuclein mRNA expression compared to 
OP50-fed controls. n=3 biological repeats with ≥500 worms per condition per repeat. 

Data are presented as mean ± SD; *p < 0.05, **p < 0.01 compared to NL5901 (OP50).
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Figure 4. Transcriptomic reprogramming induced by S. stutzeri in the UA44 PD 
model.

(A) Principal component analysis of RNA-seq data showing clear segregation between UA44 
worms fed OP50 and UA44 worms fed S. stutzeri, indicating distinct global transcriptional 
profiles.

(B) Volcano plot depicting differentially expressed genes between UA44 (S. stutzeri) and UA44 
(OP50). A total of 11,950 DEGs were identified (p ≤ 0.05, |log2 fold-change| ≥ 0.5), including 
6,138 upregulated (green) and 5,812 downregulated (red) genes in UA44 (S. stutzeri).

(C) Heatmap of the top 50 DEGs illustrating distinct transcriptional signatures between UA44 
(OP50) and UA44 (S. stutzeri). Color scale represents log2 fold-change values, with red 
indicating downregulation and blue indicating upregulation.
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Figure 5. Gene Ontology (GO) and Reactome pathway enrichment analysis of the 
differentially expressed genes using online software, DAVID. Bubble plots showing the 
significant GO terms for (A) Biological Processes, (B) Molecular Function, (C) Cellular 
Component, and (D) Reactome pathway enrichment.
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Figure 6. S. stutzeri attenuates ferroptosis-related markers in the UA44 PD model.

(A) Transcriptomic analysis revealed significant downregulation of ftn-1 (ferritin heavy chain 
ortholog) in UA44 worms fed S. stutzeri compared to UA44 (OP50).

(B) qRT-PCR validation confirmed reduced ftn-1 transcript levels in UA44 (S. stutzeri) relative 
to UA44 (OP50), normalized to β-actin. n=3 biological repeats with ≥500 worms per condition 
per repeat. 

(C) Representative BODIPY staining images showing oxidised lipids (green fluorescence), non-
oxidised lipids (red fluorescence), and merged images. UA44 (OP50) worms displayed 
pronounced lipid peroxidation, which was markedly reduced in UA44 (S. stutzeri). 
Magnification=10X.

(D) Quantification of BODIPY green/red fluorescence ratio confirmed reduced lipid 
peroxidation in UA44 (S. stutzeri) compared to UA44 (OP50). n ≥ 40 worms (pooled from at 
least three independent biological replicates).

(E) Measurement of malondialdehyde levels, an end product of lipid peroxidation, showed 
significant elevation in UA44 (OP50) compared to BY250, which was significantly reduced in 
UA44 (S. stutzeri). n=3 biological repeats with ≥500 worms per condition per repeat. 
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(F) Tissue iron content was significantly higher in UA44 (OP50) than BY250, while S. stutzeri 
supplementation restored iron levels toward control values. n=3 biological repeats with ≥500 
worms per condition per repeat. 

Data are presented as mean ± SD; *p < 0.05, **p < 0.01, ****p < 0.0001 compared to UA44 
(OP50).

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS


