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 29 

Supplementary Methods 30 

 31 

Patient cohorts 32 

 33 

Kassel Cohort 34 

The DeNoPa cohort represents a prospective, biannual follow-up study of (initially de novo) 35 

Parkinson’s disease (PD) patients at the Paracelsus-Elena Klinik, Kassel, Germany. Faecal 36 

samples from PD patients and healthy controls were collected during the 4-year follow-up visit 37 

for the cohort. Details on inclusion and exclusion criteria and ancillary investigations have been 38 

published previously1,2. Subjects with idiopathic rapid-eye-movement sleep behaviour disorder 39 

(iRBD) were recruited at the same clinic, diagnosed according to consensus criteria of the 40 

International RBD study group3 using video-assisted polysomnography, and were included 41 

only if they showed no signs of a neurodegenerative disorder. As additional control subjects, 42 

we collected faecal samples from neurologically healthy subjects living in the same household 43 

as the DeNoPa participants. Samples of de novo PD patients from a cross-sectional cohort at 44 

the same clinic were included if subjects were recently diagnosed, drug-naïve and met United 45 

Kingdom Parkinson’s Disease Society Brain Bank (UKPDSBB) clinical diagnostic criteria4. 46 

All subjects except household controls were interviewed and examined by an expert in 47 

movement disorders. 48 

 49 
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Marburg Cohort 50 

Patients with polysomnography-confirmed iRBD were recruited from the outpatient clinic of 51 

the Department of Neurology, Philipps-University, Marburg, Germany, between November 52 

2015 and November 2016. iRBD was diagnosed according to the guidelines of the American 53 

Academy of Sleep Medicine (AASM ICSD-3)5. A detailed medical history was recorded, and 54 

a complete neurological examination performed to verify the subjects’ suitability. Inclusion 55 

criteria were age above 18 years, no dopamimetic therapy, and no diagnosis of PD, MSA, DLB 56 

or PSP. Exclusion criteria were smoking, antibiotic therapy in the last 24 months, history of 57 

other neurological diseases or disorders of the gastrointestinal tract. Non-motor and autonomic 58 

symptoms were evaluated with the SCOPA-AUT6 and PD-NMS7 questionnaires. Motor 59 

function was evaluated with the UPDRS8. Additionally, patients were asked to complete the 60 

RBD-Sleep questionnaire9. 61 

 62 

Sample exclusions 63 

The initial set of samples consisted of 50 PD, 30 iRBD and 50 control subjects. 3 PD and 2 64 

iRBD cases were subsequently excluded for clinical reasons (adjusted diagnosis), 1 iRBD and 65 

1 PD subject for logistical reasons, and 1 control due to a combination of microbiome-altering 66 

medications (metformin, antidepressants, statins, and proton pump inhibitors). Additional 67 

samples were excluded due to missing values (metabolomics) or a low amount of identified 68 

analytes (metaproteomics), leading to the final numbers of samples summarised below: 69 

• Metagenomics (MG) & metatranscriptomics (MT): 49 controls, 27 iRBD, 46 PD  70 

• Metaproteomics (MP): 42 controls, 22 iRBD, 40 PD 71 

• Metabolomics: 49 controls, 27 iRBD, 41 PD 72 
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NCER-PD cohort 73 

For use of clinical and 16S rRNA gene amplicon sequencing data from the Luxembourg 74 

Parkinson’s Study (LUXPARK) cohort10, samples were selected with the following criteria: (i) 75 

16S rRNA gene amplicon sequencing data available, (ii) only patients with typical PD 76 

diagnosis, (iii) controls genetically related to patients were excluded. Patients with an unclear 77 

status of PD diagnosis or an atypical PD diagnosis were excluded. PD patients were defined as 78 

typical PD according to the UKPDSBB clinical diagnostic criteria4. The final dataset comprised 79 

191 PD cases and 337 healthy controls. 80 

All study participants gave written informed consent, and the study was performed in 81 

accordance with the Declaration of Helsinki. The Luxembourg Parkinson’s Study10 was 82 

approved by the National Ethics Board (CNER Ref: 201407/13) and Data Protection 83 

Committee (CNPD Ref: 446/2017). 84 

 85 

Biomolecular extractions 86 

 87 

Post-treatments and quality checks 88 

After extraction, DNA and RNA were purified prior the sequencing analysis by using the 89 

following commercial kits respectively: Zymo DNA Clean&Concentrator-5 and Zymo RNA 90 

Clean&Concentrator-5. RNA quality was assessed and quantified with an Agilent 2100 91 

Bioanalyser (Agilent Technologies) and the Agilent RNA 6000 Nano kit, and genomic DNA 92 

and RNA fractions with a NanoDrop Spectrophotometer 1000 (Thermo Scientific) as well as 93 

commercial kits from Qubit (Qubit ds DNA BR Assay kit; Qubit RNA BR Assay kit). 94 
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Metagenomics and metatranscriptomics 95 

 96 

Sequence analysis (IMP) 97 

For all samples, metagenomic (MG) and metatranscriptomic (MT) sequence data were 98 

processed and co-assembled using the Integrated Meta-omic Pipeline (IMP)11 version 99 

01.07.2020 (https://git-r3lab.uni.lu/IMP/imp3, tag 6f1badf7) which includes steps for the 100 

trimming and quality filtering of the reads, the filtering of rRNA from the MT data, and the 101 

removal of human reads after mapping against the human genome (hg38). Pre-processed MG 102 

and MT reads were co-assembled using the IMP-based iterative co-assembly using 103 

MEGAHIT12 1.0.3. After co-assembly, the prediction and annotation of open-reading frames 104 

(ORFs) were performed using IMP and followed by functional and taxonomic annotation at 105 

read and contig level. MG and MT read counts for the predicted genes obtained using 106 

featureCounts13 were linked to functional (KEGG14, Pfam15) and taxonomic annotations 107 

(mOTUs 2.5.116, Kraken217 using the maxikraken2_1903_140GB database). mOTUs 108 

annotations were used to generate read count matrices for each taxonomic rank (phylum, class, 109 

order, family, genus and species) by summing up reads at the respective levels. 110 

 111 

Search for Hmd cofactor biosynthesis genes 112 

Data was mined for specific genes of interest (HmdB and HmdC, encoding the biosynthesis of 113 

the cofactor of the archaeal enzyme 5,10-methenyltetrahydromethanopterin hydrogenase 114 

(Hmd)) using Diamond18,19 (v2.0.11.149) in the blastp mode, with the following settings: --115 

evalue 1e-6 --very-sensitive, against a non-redundant reference protein database based on the 116 

ORFs predicted using Prokka20 (from the IMP workflow described above) for all samples. 117 

 118 
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16S rRNA gene amplicon sequencing analysis (NCER-PD LUXPARK cohort) 119 

Sampling, processing and sequencing of NCER-PD LUXPARK stool samples were done as 120 

described previously21. The 16S rRNA gene amplicon sequencing data was processed with the 121 

dadasnake22 workflow, a Snakemake23 pipeline to process amplicon sequencing data, based on 122 

DADA224. Amplification primers were removed using cutadapt25, allowing 20% mismatches 123 

and no indels. Quality filtering, ASV generation and chimera removal were performed in 124 

DADA2. Reads were truncated at positions with less than 10 Phred score quality, or at 240 bp. 125 

The quality filtering kept only sequences with a maximum expected error of 2 and 240 bp 126 

length. Downsampling was performed to 25000 reads using seqtk 127 

(https://github.com/lh3/seqtk) and samples with smaller library sizes were removed from the 128 

downstream analysis. ASVs were generated in pooled mode for the whole study using DADA2 129 

default parameters. For merging forward and reverse ASVs, a minimum overlap of 12 bp was 130 

required. Chimeric sequences were removed based on the consensus algorithm.  Taxonomic 131 

classification was performed against SILVA v13826 using the naïve Bayesian classifier 132 

implemented in mothur27.  133 

 134 

Metaproteomics 135 

 136 

Sample preparation 137 

Protein samples were reduced with 2 µL 25 mM DTT in 20 mM ammonium bicarbonate 138 

(Sigma-Aldrich) for 1 h at 60 °C. Subsequently, 4 μL of 100 mM iodoacetamide (Merck) 139 

solution in 20 mM ammonium bicarbonate was added and incubated for 30 min at 37 °C in the 140 

dark. Next, 5 μL of 10% formic acid was added as well as 70 μL 100% acetonitrile (ACN) to 141 

reach a final organic content higher than 50% (v/v). 2 μL SP3 beads per sample were washed 142 
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with water three times with subsequent addition of the sample. After protein binding to the 143 

beads, the supernatant was discarded. Beads were washed twice with 200 μL 70% (v/v) ethanol, 144 

and once with 200 µL ACN. Protein lysates were proteolytically cleaved using trypsin (1:50) 145 

overnight at 37 °C. As trypsin is added in aqueous solution to the samples, the proteins are not 146 

bound to the beads during enzymatic cleavage. ACN was then added to each sample to reach a 147 

final organic content higher than 95% (v/v). After peptide binding to the beads, the samples 148 

were washed with pure ACN on the magnetic rack. Finally, the peptides were eluted in two 149 

steps. First, with 200 μL 87% ACN (v/v) containing 10 mM ammonium formate (pH 10), then 150 

by adding two times 50 μL water containing 2 % (v/v) DMSO and combination of the two 151 

aqueous supernatants. Thus, two fractions of peptides were generated, which were evaporated 152 

and re-dissolved in water containing 0.1 % formic acid (20 µl). 153 

 154 

Data analysis 155 

For each sample, the predicted proteins were concatenated with a cRAP database of 156 

contaminants and with the human UniProtKB Reference Proteome prior to the metaproteomic 157 

search. In addition, reversed sequences of all protein entries were added to the databases for 158 

the estimation of false discovery rates. The search was performed using SearchGUI28 (v. 159 

3.3.20) with the X!Tandem, MS-GF+ and Comet search engines with the following parameters: 160 

trypsin was used as the digestion enzyme and a maximum of two missed cleavages was 161 

allowed. The tolerance levels for matching to the database was 10 ppm for MS1 and 0.05 Da 162 

for MS2. Carbamidomethylation of cysteine residues was set as a fixed modification and 163 

oxidation of methionines was allowed as a variable modification. Peptides with length between 164 

7 and 60 amino acids, and with a charge state composed between +2 and +4 were considered 165 

for identification. The results from SearchGUI were merged using PeptideShaker-1.16.45 and 166 

all identifications were filtered to achieve a protein false discovery rate (fdr) of 1%. 167 
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Metabolomics 168 

 169 

Metabolite extraction from stool samples for untargeted LC-MS (polar fraction) 170 

To extract metabolites, 500 µL of MilliQ water was added to 50 mg faecal matter. Following 171 

this, samples were homogenized using a Precellys24 homogenizer (Bertin Technologies) using 172 

the following conditions 5 ceramic beads (1.4 mm), 6000 rpm and 1 x 30 s at 0 to 5 °C. The 173 

homogenate was centrifuged at 21,000 x g for 5 min at 4 °C. A total volume of 75 µL of the 174 

supernatant was added to 75 µL MilliQ water, including internal standards (caffeine-trimethyl-175 

13C3; sucralose; N-trifluoroacetyl-L-lysine; 4-chloro-DL-phenylalanine; 2-chloroquinoline-3-176 

carboxylic acid; 6-chloropurine riboside; c = 1 µg/mL each) and vortexed. 120 µL of the 177 

mixture was sprayed into 600 µL of ice-cold acetonitrile + 1% formic acid and incubated for 5 178 

min at 4 °C under shaking, then centrifuged at 21,000 x g for 5 min. The supernatant was 179 

collected and filtered using a Phree phospholipid removal plate (Phenomenex). 500 µL were 180 

concentrated under vacuum (SpeedVac, Labconco) at -4 °C overnight. The resultant dry 181 

residues were reconstituted in 100 μL of 35% MeOH and transferred to LC vials for subsequent 182 

LC-HRMS analysis. 183 

 184 

LC-MS/MS measurements 185 

Untargeted LC-MS of the polar fraction was performed using an Agilent 1290 LC coupled to 186 

an Agilent 6560 Q-TOF MS equipped with a Dual Agilent Jet Stream ESI source. The 187 

analytical column (Phenomenex Kinetex 2.6μm EVO C18 100 Å, 150 x 2.1 mm) used in this 188 

study was coupled to a Phenomenex SecurityGuard column (2.1 mm cartridge for EVO C18) 189 

and maintained at 30 °C. The flow rate was set to 0.25 mL/min and the mobile phases consisted 190 

of 0.1% formic acid in MilliQ water (18.2 MΩ•cm, <3 ppb TOC; Eluent A) and 0.1% formic 191 
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acid in 50:50 methanol/acetonitrile (Eluent B). The run consisted of an isocratic delivery of 5% 192 

Eluent B over 5 min, followed by a linear gradient to 98% Eluent B over 15 min, isocratic 193 

delivery of 95% Eluent B for 10 min, and a re-equilibration phase on starting conditions for 10 194 

min. The autosampler was kept at 4 °C and the injection volume was 10 µL. 195 

MS experiments were performed using electrospray ionization in positive (+ESI, capillary 196 

voltage of 3 kV, nozzle voltage of 1 kV) and negative mode (-ESI, capillary voltage of 2000 197 

V, nozzle voltage of 500 V). The protonated/deprotonated molecules were monitored in high 198 

resolution mode (slicer position: 5) and Extended Dynamic Range (2GHz) with the following 199 

Q-TOF MS conditions: drying gas temperature: 325 °C, drying gas flow: 10 L/min (nitrogen), 200 

nebulizer: 35 psig, sheath gas temperature: 350 °C, sheath gas flow: 12 L/min, fragmentor: 380 201 

V, Oct RF Vpp: 750 V. Full scan spectra were acquired from m/z 100 to 1100 (2 spectra/sec). 202 

External mass calibration was performed before measurement of each set of samples. In 203 

addition, a reference solution was used for online mass correction during the acquisition. All 204 

data were acquired with Agilent Mass Hunter LC/MS Data Acquisition (ver B.08.00). 205 

 206 

Data analysis for LC-MS/MS 207 

Data alignment and peak picking was performed using Progenesis (version 3; Waters 208 

Corporation, Newcastle upon Tyne, U.K.). The resulting features from positive and negative 209 

mode (10,535 positive, 5,520 negative) were compared with ANOVA and post-hoc Tukey 210 

HSD tests of normalized peak intensities, corrected for age and sex. Further testing focused on 211 

peaks with false discovery rate < 0.05, as well as the 500 most intense masses across all samples 212 

in positive mode. Additionally, custom lists were used to look for chemicals associated with 213 

molecules of interest (2-HP and chlorpyrifos) and literature-mined neurotoxicants29,30. Data 214 

extraction and identification were performed with Proteowizard31 MSConvertGUI (version 215 
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3.0.19014-f9d5b8a3b), Shinyscreen32 and MetFrag33, coupled to MassBank of North 216 

America34 and PubChemLite35; analysis parameters are provided in Supplementary Table 14.  217 

 218 

Metabolomics for archaeal samples 219 

Intracellular metabolites from archaeal cell pellets were resuspended in 250 µL methanolic 220 

extraction fluid. The cell suspension was homogenized at 6800 rpm for 2x30 s at 0 to 5 °C and 221 

afterwards incubated for 10 min at 4 °C under shaking. After adding 130 µl water and 200 µl 222 

chloroform, the mixture was shaken for 15 min at 15 °C. Then, the mixture was centrifuged at 223 

21,000 x g for 5 min at 15 °C. 100 µL of the polar (upper) phase was transferred to GC glass 224 

vial with micro insert (5-250 µL) and dried by evaporation under vacuum at -4 °C. 225 

Derivatization was performed using a multi-purpose sample preparation robot (Gerstel). Dried 226 

extracts were dissolved in 20 µL pyridine, containing 20 mg/mL methoxyamine hydrochloride 227 

(Sigma-Aldrich), for 120 min at 45 °C under shaking. After adding 30 µl (medium extracts) or 228 

20 µL (cell extracts) N-methyl-N-trimethylsilyl-trifluoroacetamide (Macherey-Nagel), 229 

samples were incubated for 30 min at 45 °C under continuous shaking. 230 

GC-MS analysis was performed on an Agilent 7890A GC coupled to an Agilent 5975C inert 231 

XL Mass Selective Detector (Agilent Technologies). A sample volume of 1 µl was injected 232 

into a split/splitless inlet, operating in split mode (10:1) at 270 °C. The gas chromatograph was 233 

equipped with a 30 m (I.D. 0.25 mm, film 0.25 µm) DB-5ms capillary column (Agilent J&W 234 

GC Column) with 5 m guard column in front of the analytical column. Helium was used as 235 

carrier gas with a constant flow rate of 1.2 mL/min. The GC oven temperature was held at 90 236 

°C for 1 min and increased to 220 °C at 10 °C/min. Then, the temperature was increased to 280 237 

°C at 20 °C/min followed by 5 min post run time at 325 °C. The total run time was 22 min. The 238 

transfer line temperature was set to 280 °C. The MSD was operating under electron ionization 239 
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at 70 eV. The MS source was held at 230 °C and the quadrupole at 150 °C. Mass spectra were 240 

acquired in full scan mode (m/z 70 to 700). 241 

Additional GC-MS measurements were performed in selected ion monitoring mode for precise 242 

semi-quantification of 2-HP and β-glutamic acid. The following masses were used for 243 

quantification (QI) and qualification of the target analytes: m/z 122.1, 152.1 (QI), 166.1 (dwell 244 

times: 30 ms) for 2-HP 1TMS, m/z 232.1 (QI), 306.1, 348.1 (dwell times: 30 ms) for β-glutamic 245 

acid 3TMS, m/z 206.1, 239.1, 267.1 (QI) (dwell times: 50 ms) for pentanedioic acid-D6 2TMS 246 

(Internal Standard) and m/z 220.1, 310.2, 323.2 (QI) (dwell times: 50 ms) for [U-13C]-ribitol 247 

5TMS (Internal Standard). 248 

A low-level background signal for 2-HP, related to derivatisation reagents, was seen in 249 

measured blank samples. This offset was subtracted from actual sample values prior to analyses 250 

and visualisations. 251 

 252 

Statistics for multi-omics 253 

Independent Principal Component Analysis (IPCA) was performed using the “ipca” function 254 

from the mixOmics package36 (v. 6.16.3) separately for each omic dataset: metabolomics, MG 255 

and MT species-classified read counts from the mOTUs analysis, MG and MT read based 256 

functionally classified (KEGG orthologs, KOs) read counts, as well as MP taxa and KOs. For 257 

all data types, features present in 1/3 or less of all samples were excluded prior to any further 258 

steps. For MG and MT taxon and KO data, read counts were converted to relative abundances 259 

and then centered log ratio (CLR) transformed prior to IPCA, with an offset corresponding to 260 

the lowest non-zero relative abundance in a sample, and not scaled to unit variance (“scale” 261 

parameter set to FALSE for the “ipca” function). For metabolomic and MP data, “scale” was 262 
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set to TRUE. The number of components (2–4 depending on data type) was selected based on 263 

kurtosis; results are presented for the first 2 components. 264 

MG and MT taxon data was processed using phyloseq37 (v. 1.36.0). Very rare taxa (present in 265 

less than 10 samples) were excluded prior to any analyses. Alpha diversity measures (Shannon 266 

and inverse Simpson index) were calculated with phyloseq, and Bray-Curtis dissimilarity and 267 

non-metric multidimensional scaling (NMDS) for β diversity with the metaMDS function from 268 

the package vegan38 (v. 2.5-7). All diversity comparisons were run on species-level data 269 

subsampled to the lowest number of sequences in a sample. Alpha diversity testing for clinical 270 

variables included Pearson and Spearman correlations for numeric variables and Kruskal-271 

Wallis (multiple levels) and two-sided Wilcoxon Rank Sum tests (two levels) for categorical 272 

variables. Beta diversity comparisons were performed with vegan, using the adonis function 273 

for single-variable tests and adonis2 for models with multiple variables. 274 

Differential abundance tests for MG and MT taxon data were performed for taxonomical levels 275 

from phylum to species with DESeq239 (v. 1.32.0). DESeq2 was also used for differential 276 

abundance testing of MG and MT reads with functional annotations (KOs). All DESeq2 models 277 

were corrected for age and sex, and included differential analyses comparing PD patients 278 

versus controls, iRBD patients versus controls, PD patients versus iRBD patients, as well as all 279 

cases (PD or iRBD) against controls. Features (taxa or KOs) that were not present in more than 280 

1/3 of all samples were excluded from differential abundance comparisons. Differential 281 

abundance of 16S rRNA gene amplicons from the NCER-PD cohort was also tested with 282 

DESeq2, corrected for age and sex, including all taxa present in more than 10% of samples. In 283 

all taxonomy comparisons with DESeq2, the parameter “sfType” was set to “poscounts” to 284 

avoid issues related to zeros in size factor estimation; in KO comparisons, the default option, 285 

“ratio”, was used. 286 
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For metaproteomic and metabolomic data, differential abundance was tested using log-287 

transformed data with ANOVA (two-category comparison: case (PD or iRBD) versus control; 288 

three-category comparison: PD/iRBD/control; both comparisons corrected for age and sex), 289 

and with two-sided t-tests (pairwise contrasts between PD/control, iRBD/control and 290 

PD/iRBD, no confounder correction). Features (metabolites, taxa, or KOs) not present in more 291 

than 1/3 of all samples were excluded before comparisons. 292 

Associations of selected key metabolites with other metabolites, clinical data, and taxon and 293 

functional (KO) data from the different omics were evaluated using Pearson and Spearman 294 

correlations, with false discovery rate (fdr) for multiple comparison correction. Features not 295 

present in more than 1/3 of all samples were excluded from correlations, except for correlations 296 

between 2-hydroxypyridine (2-HP) and Methanobrevibacter smithii methanogenesis KOs, 297 

where all relevant KOs were included regardless of their prevalence. 298 

Combined analyses of metagenomic, metatranscriptomic, metaproteomic and metabolomic 299 

data were performed with the DIABLO approach from the mixOmics package36 (v. 6.16.3). 300 

Metagenomic and metatranscriptomic taxon and KO count data was converted to relative 301 

abundance and centered log-ratio transformed using the lowest non-zero relative abundance as 302 

offset. Prior to running DIABLO, a design matrix was built by performing PLS for each pair 303 

of data types and extracting the correlation coefficients for the pairs. For choosing the number 304 

of components, the performance was evaluated with the “perf” function, with M-fold 305 

validation, using 10 folds and 10 repeats. The main DIABLO function (“block.splsda”), was 306 

performed for two components using default settings, selecting the five most significant 307 

features for each data type and component. 308 

 309 



 14 

Yeast model 310 

 311 

Strains and culture medium 312 

Yeast cells were grown in synthetic complement (SC) media containing 6.7 g/L yeast nitrogen 313 

base without amino acids, 5 g/L ammonium sulphate supplemented with 2g/L SC. Media was 314 

autoclaved and the carbon source (8% Raffinose or galactose) was added to a final 315 

concentration of 2%. 316 

The following strains were used: 317 

• W303 (parental strain): MATa ura3-52 trp1Δ2 leu2-3_112 his3-11 ade2-1 can 1-100 318 

• HiTox: W303 pdr5Δ::KanMX4, pAG306GAL-SNCA-EGFP, pAG304GAL-SNCA-319 

EGFP 320 

• Control: W303 pdr5Δ::KanMX4, pAG306GAL-ccdB-EGFP, pAG304GAL-ccdB-321 

EGFP 322 

 323 

Enteric neuron model 324 

 325 

Enteric neuron derivation 326 

Human induced pluripotent stem cells (hiPSCs) were cultured on Matrigel (Corning) coated 327 

dishes in Essential 8 medium (Thermo Fisher) which was refreshed every 24 h. When 328 

confluent, cells were regularly split using accutase (Sigma) and seeded into new Matrigel 329 

coated plates in maintenance media supplemented with 5 µM Y-27632 (Merck Millipore, 330 

688000). Differentiation towards vagal neural crest was initiated using a published protocol37, 331 
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with slight modifications. Briefly, 24 hours post-seeding of the hiPSCs, media was replaced by 332 

Essential 6 (E6) medium (Thermo Fisher) without ROCK inhibitor, but the addition of 333 

SB431542 (10 µM, Abcam) and LDN193189 (100 nM, Sigma). On day 2, E6 medium was 334 

additionally supplemented with CHIR99021 (3 µM, Axon). From day 4 onwards, E6 medium 335 

was gradually replaced with increasing amounts of N2 medium until day 10. N2 medium was 336 

prepared with DMEM-F12 (Gibco) with 1% N2 supplement (Invitrogen), 1% L-glutamine 337 

(Life Technologies) and 1% NEAA (Thermo Fisher).  Retinoic acid (1 μM, Sigma) was added 338 

to the media from day 6 to day 11. On day 11, differentiated cells were sorted for CD49D 339 

surface marker using a PE/Cy7 anti-human CD49d antibody (BioLegend, 304314), and 340 

aggregated into 3D spheroids (2 million cells per well) in Ultra Low Attachment 6-well culture 341 

plates (VWR). Spheroids were cultured for 4 additional days in suspension in Neurobasal (NB) 342 

medium supplemented with L-glutamine (Life Technologies), N2 (Invitrogen) and B27 (Life 343 

Technologies) containing CHIR99021 (3 µM, Axon) and FGF2 (10 nM, PeproTech). The 344 

spheroids were subsequently plated on poly-ornithine/laminin/fibronectin (PO/LM/FN)-coated 345 

dishes in the same media as described before containing GDNF (25 ng/ml, PeproTech, 450-346 

10) and ascorbic acid (100 μM, Sigma). To perform the PO/LM/FN coating, plates were first 347 

incubated with 1 x PBS solution containing 15 μg/mL poly-ornithine overnight at 37˚C. The 348 

next day, plates were washed with 1 x PBS once and a solution with 1 x PBS containing 2 349 

μg/mL LM and 2 μg/mL FN was added. Dishes were incubated overnight at 37˚C. Before 350 

plating the spheroids, LM/FN solution was completely removed, and plates were allowed to 351 

air dry at RT for 15-20 minutes under the laminar flow. After plating, enteric neurons started 352 

migrating out of the spheroids after 1–2 weeks in culture and media was exchanged every 3-4 353 

days. 354 

 355 
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Evaluation of pluripotency 356 

For pluripotency stainings, SSEA4 (Abcam, cat no. ab16287, 1:50), Oct4 (Abcam, cat no. 357 

ab19857, 1:400), Nanog (Millipore, cat no. AB5731, 1:200) and Hoechst 33342 (Life 358 

Technologies, cat no. H21492) were used. The staining procedure was performed as described 359 

in the main methods section, with the difference that, at the last step, cells were mounted with 360 

Fluoromount-G mounting medium (Southern Biotech, cat no. 0100–01) and imaged on a 361 

confocal (Zeiss LSM 710) laser-scanning microscope. 362 

 363 

Enteric neuron characterization 364 

For the characterization of enteric neuronal identity, we used PHOX2A (Abcam, cat no. 365 

ab54847, 1:50), MASH1 (BD, cat no. 556604, 1:400), TUJ1 (Covance, cat no. PRB-435P-366 

0100, 1:600), serotonin (Millipore, cat no. MAB352, 1:100), GABA (Abcam, cat no. ab17413, 367 

1:400), TH (Sigma, cat no. T2928, 1:400) and Hoechst 33342 (Life Technologies, cat no. 368 

H21492). The staining procedure was performed as described in the main methods section, 369 

with the difference that, at the last step, cells were mounted with Fluoromount-G mounting 370 

medium (Southern Biotech) and representative images were taken using an inverted 371 

microscope (Zeiss Axio ObserverZ1). 372 

 373 

Tetrazolium assay for 2-HP toxicity evaluation 374 

Thiazolyl Blue tetrazolium Bromide (MTT; Sigma) was reconstituted to a 5 mg/mL solution 375 

in differentiation media and filtered. 10 μL of the solution was added to every well containing 376 

100 μL of media. Plate was incubated for 2 h in a normal incubator (37 °C, 5% CO2). Media 377 
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containing MTT solution was removed and 100 μL of DMSO (Sigma) was added to lyse the 378 

cells. Cells were dispersed by pipetting vigorously and absorbance was read at 570 nm, using 379 

the microplate Cytation 5M reader (Biotek). 380 

 381 

α-synuclein aggregation staining 382 

After treatment with 2-HP, cells were fixed in 4% paraformaldehyde (Merck Millipore, 383 

1004965000) for 15 min at RT and then washed 3 times for 5 min with PBS at RT. Before 384 

immunostaining, a permeabilization step was performed using 0.05% Triton-X100 solution in 385 

PBS for 10 min at 4 ̊ C. Cells were then blocked for 1 h at RT with 10% FBS in PBS. Incubation 386 

with α-synuclein (αSyn) antibody (NOVUS biologicals, NBP1-05194, 1:1000), αSyn filament 387 

antibody (Abcam, ab209538, 1:5000), TUJ1 (Millipore, AB9354, 1:600) and Cleaved Caspase-388 

3 (Asp175) antibody (CST, 9661, 1:200) was performed overnight at 4 °C in blocking buffer. 389 

The following day, cells were washed with PBS 3 times for 5 min at RT, and then incubated 390 

with the corresponding secondary antibodies, Alexa Fluor anti-chicken 488 (Invitrogen, A-391 

11039, 1:1000), Alexa Fluor anti-mouse IgG1 647 (Invitrogen, A-21240, 1:1000) and Alexa 392 

Fluor anti-rabbit 568 (Invitrogen, A11036, 1:1000), for 2 h at room temperature in blocking 393 

buffer. Hoechst 33342 solution (Invitrogen, 62249, 1:1000) was added during this step to stain 394 

the nuclei. Afterwards, cells were washed 3x with PBS, and imaged with an OPERA QEHS 395 

spinning disk microscope (Perkin Elmer) to acquire representative images for each marker, 396 

screening 30 fields per well and 8 wells per condition and per plate, using a 20-x water 397 

immersion objective. Images were analysed in MATLAB (Version 2019a, The MathWorks 398 

Inc.), with in-house analysis algorithms which automate structure-specific feature extraction 399 

based on mask definition of positive staining. Thus, the expression level of any marker can be 400 

expressed as a sum of positive pixels and normalized to positive neuronal staining. 401 
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Mouse model 402 

 403 

Genotyping 404 

DNA was extracted from mouse pup ear punches (± 2mm3) with the Quanta Bio DNA 405 

extraction kit (Extracta DNA Prep for PCR, Quanta Bio), according to the manufacturer’s 406 

protocol. 50 µL of extraction reagent was added to each tube with the ear punches. The tubes 407 

were heated at 95 °C for 30 minutes and 50 µL of stabilization reagent was added to each tube. 408 

After quick vortexing (2-3 seconds), the resulting supernatant was stored at -20 °C until PCR 409 

amplification. 410 

After thawing, the DNA solution was mixed with 2xKAPA2G Fast Hot Start Genotyping Mix 411 

and PCR primers. To detect the transgene, we used primers to human SNCA with a length of 412 

366 bp: forward 5’-AAG-GCC-AAG-GAG-GGA-GTT-GTG-3’; reverse 5’-TTC-CTC-AGA-413 

AGG-CAT-TTC-ATA-AGC-3’. The reaction tubes with 25 µL of total mix were then put in a 414 

thermocycler and analysed using the following program: initial degradation: 3 min at 95 °C, 415 

followed by 35 cycles of 15 sec at 95 °C (degradation), 15 sec at 60 °C (annealing), 15 sec at 416 

72 °C (elongation), and 90 sec at 72 °C (final elongation). The PCR products were visualised 417 

on agarose gel using standard procedures. 418 

 419 

Stereotactic injections of 2-HP 420 

Mice were injected intracranially under isoflurane anaesthesia (2%) on a heating pad. A 1 cm 421 

long mid-line scalp incision was made into the disinfected skull area and a 0.5 mm hole drilled 422 

unilaterally into the skull using stereotaxic coordinates for striatum according to the Mouse 423 

Brain Atlas of Franklin and Paxinos. 100 mM 2-HP (Sigma) or PBS vehicle solution (control 424 

mice) were administered, in volumes of 2 μL, within the right dorsal striatum at the following 425 
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relative-to-bregma coordinates: anterior +0.5 mm, lateral +2.1 mm; depth +3.2 mm. The 24-426 

gauge blunt tip needle of a Hamilton syringe (7105KH) was inserted down 3.3 mm for 10 427 

seconds to form an injection pocket, and the needle remained in place for 2 minutes before and 428 

after the injection procedure. The hole was covered with bonewax (Lukens) and the wound 429 

closed using 7 mm Reflex wound clips (Fine Science Tools). 2% xylocaine gel was applied to 430 

the wound, and mice were allowed to recover from anaesthesia before being put back into their 431 

home cages. Animals were monitored daily for 2 weeks post injection, and then weekly until 432 

euthanasia. 433 

 434 

Immunofluorescence: quantification 435 

For quantification of TH-positive axons in the striatum, 3 images (223.8 x 167.7 μm each) of 436 

the dorsal striatal area on each section were taken at 40 x magnification using the Apotome 437 

system to obtain optical planes without out of focus reflection. Images were captured at optical 438 

plane levels where antibody stainings were uniform. Parameters were kept identical for each 439 

image acquisition. All images were converted into 8-bit tiff files for analysis, which was done 440 

with the IMAGE J software (version 1.51j8). After manual thresholding to capture only 441 

immunopositive structures, the mean grey value, or mean pixel intensity (scale 0-255 for 8-bit 442 

tiff images) for the totality of immunopositive signals was measured on each image40. 443 

The quantification of TH-positive neurons in the substantia nigra was performed as described, 444 

using a method that has been validated by unbiased stereology41.  445 

To quantify S129 phosphorylated α-synuclein (phospho-αSyn) positive synaptic boutons in the 446 

striatum and the substantia nigra, pictures were collected on sections doubly labelled for TH 447 

and for phospho-αSyn. For the striatum, the % area occupied by phospho-αSyn-positive signals 448 

was captured, and for the substantia nigra, since the summed area of this region of interest had 449 
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been measured in the estimation of TH-positive neuron number41, the number of phospho- 450 

αSyn-positive synaptic boutons was determined. 451 

To quantify phospho-αSyn-positive structures in cell bodies (prefrontal cortex), pictures from 452 

sections stained for phospho-αSyn were taken with a 40x objective from the striatum, the 453 

substantia nigra and the prefrontal cortex (3 sections/animal, 3 images/section), and analysed 454 

digitally using the open-source image analysis software FIJI (v. ImageJ 1.53f51). Positive 455 

phospho-αSyn signals were manually thresholded, using the “analyse particles” plugin of FIJI 456 

to quantify the number of positive particles that were in the size range of cell bodies (over 8 457 

μm in diameter). Counterstaining with nuclear stain DAPI confirmed the cell body localisation 458 

of these signals. 459 

  460 
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Supplementary Tables 461 

Due to their size and number, Supplementary Tables are provided as an excel file. Captions: 462 

Supplementary Table 1. Summary statistics for MG (metagenomic) and MT 463 

(metatranscriptomic) sequence data. 464 

Supplementary Table 2. Correlations for identified protein counts, confounding variables and 465 

microbial diversity. Values for continuous variables are provided for Spearman and Pearson 466 

correlations calculated with full data as well as subsets containing only one group of samples 467 

(control, iRBD or PD), and for categorical variables for Wilcoxon rank sum (2 categories) or 468 

Kruskal-Wallis (3 categories) tests. 469 

Supplementary Table 3. Annotations of top 10 functional classifications (KOs) from 470 

Independent Principal Component Analysis (IPCA) of each data type, as seen in Extended Data 471 

Fig 2. 472 

Supplementary Table 4. Comparisons of microbial diversity based on MG and MT mOTUs. 473 

a. Alpha diversity (three metrics: observed richness, Shannon index, inverse Simpson index): 474 

continuous variables tested with Spearman and Pearson correlations, and categorical variables 475 

with Kruskal-Wallis (3 categories) or two-sided Wilcoxon rank sum (2 categories) tests. b. 476 

Beta diversity, testing performed with PERMANOVA (“adonis” command for single-variable 477 

tests, columns p_adonis and R2_adonis, and “adonis2” for multi-variable tests of main contrast 478 

and confounders, columns p_adonis2 and R2_adonis, both functions from the R package 479 

vegan).  480 

Supplementary Table 5. Differential abundance of taxonomically classified MG and MT 481 

sequence reads (from mOTUs), compared with DESeq2, corrected for age and sex. Contrasts 482 

include the two-category case (PD or iRBD) vs control variable, and pairwise contrasts for the 483 

three-group variable (PD/Ctrl, iRBD/Ctrl, PD/iRBD). 484 

Supplementary Table 6. Differential abundance of taxonomically classified metaproteomic 485 

(MP) spectra. a. Descriptive statistics by group. sd = standard deviation, fc = fold change. b. 486 

Results of statistical comparisons between groups. ANOVA for the case/control and 487 

control/iRBD/PD comparisons, corrected for age and sex, t-tests without confounder correction 488 

for two-group comparisons; df = degrees of freedom, fdr = false discovery rate corrected P. 489 

Supplementary Table 7. Differential abundance of functionally classified (KEGG orthologs; 490 

KOs) MG and MT sequence reads, compared with DESeq2, corrected for age and sex. 491 
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Contrasts include the two-category case (PD or iRBD) vs control variable, and pairwise 492 

contrasts for the three-group variable (PD/Ctrl, iRBD/Ctrl, PD/iRBD). 493 

Supplementary Table 8. Differential abundance of functionally classified (KOs) MP spectra. 494 

a. Descriptive statistics by group. sd = standard deviation, fc = fold change. b. Results of 495 

statistical comparisons between groups. ANOVA for the case/control and control/iRBD/PD 496 

comparisons, corrected for age and sex, t-tests without confounder correction for two-group 497 

comparisons; df = degrees of freedom, fdr = false discovery rate corrected P. 498 

Supplementary Table 9. Differential abundance of untargeted GC-MS data and short-chain 499 

fatty acids (SCFAs). a. Descriptive statistics by group. sd = standard deviation, fc = fold 500 

change. b. Results of statistical comparisons between groups. ANOVA for the case/control and 501 

control/iRBD/PD comparisons, corrected for age and sex, t-tests without confounder correction 502 

for two-group comparisons; df = degrees of freedom, fdr = false discovery rate corrected P. 503 

Supplementary Table 10. Annotations of functional classifications (KOs) selected in the 504 

DIABLO analysis, as seen in Extended Data Fig 5. 505 

Supplementary Table 11. Statistical tests for clinical variables, 2-hydroxypyridine (2-HP) and 506 

β-glutamate (BG). Values for continuous variables are provided for Spearman and Pearson 507 

correlations, and for categorical variables for Kruskal-Wallis (3 categories) or two-sided 508 

Wilcoxon rank sum (2 categories) tests. 509 

Supplementary Table 12. Lists of masses and statistical comparisons (ANOVA between 510 

PD/iRBD/Ctrl, corrected for age and sex) from LC-MS data. a. Positive mode; b. Negative 511 

mode. 512 

Supplementary Table 13. Compounds of interest for the screening of chlorpyrifos or niacin 513 

derived production of 2-HP. 514 

Supplementary Table 14. a. Summary of software parameters used, to support the methods 515 

text; b. Identification confidence levels used to annotate tentative identifications. 516 

Supplementary Table 15. Summary of tentatively identified chemicals from the 2-HP specific 517 

chemicals (Supplementary Table 13) and LitMinedNeuro list (described in Schymanski et al 518 

(2019); available from https://comptox.epa.gov/dashboard/chemical-lists/litminedneuro). 519 

Supplementary Table 16. a. Agriculturally relevant chemicals identified in the top 500 most 520 

intense masses. b. List of the Top 500 masses by intensity across all cohort samples in positive 521 

mode, extracted with Progenesis (Waters), as input into Shinyscreen. 522 

Supplementary Table 17. Supplementary Table 17. Correlations (Spearman and Pearson) for 523 

relative abundances (with or without CLR-transformation) of 2-HP and BG with MG and MT 524 
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sequence reads classified with either mOTUs or Kraken, as well as with MP spectra tested with 525 

either full data (regardless of group) or subsets of data including only cases or only controls. 526 

Supplementary Table 18. Pearson and Spearman correlations of 2-HP and BG with other 527 

metabolites, tested with either full data (regardless of group) or subsets of data including only 528 

cases or only controls. 529 

Supplementary Table 19. Correlations of functionally classified (KO) data with 2-HP and 530 

BG, tested with either full data (regardless of group) or subsets of data including only cases or 531 

only controls. a. Correlations of all KOs from MG and MT sequence reads and MP spectra 532 

with 2-HP and BG. b. Correlations of 2-HP and MG and MT KOs present in a list of 533 

Methanobrevibacter smithii methanogenesis KOs exported from KEGG. 534 

Supplementary Table 20. Differential abundance (DESEq2) of 16S rRNA gene amplicons 535 

from the NCER-PD cohort, comparing PD and control subjects, corrected for age and sex. 536 

  537 
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Supplementary Discussion 538 

 539 

Metagenomics and metatranscriptomics: taxonomic analyses 540 

 541 

Alpha diversity 542 

Overall comparisons for clinical variables and alpha diversity calculated based on taxonomic 543 

profiling of metagenomic and metatranscriptomic reads with mOTUs216 (Supplementary Table 544 

4a) showed no statistically significant differences between the different groups with two 545 

categories (controls versus cases, including PD and iRBD) or three categories (controls versus 546 

iRBD or versus PD) considering any of the tested diversity measures (observed richness, 547 

Shannon and inverse Simpson indices). The only variables with significant alpha diversity 548 

associations (without multiple comparison correction) were entacapone (P = 0.048 for Shannon 549 

index from MG data) and antidepressant medication (P = 0.049 for observed richness from MG 550 

data). Both medications were only taken by a small number of subjects (antidepressants: n = 5, 551 

entacapone: n = 5). Nevertheless, our results are in line with previous findings that entacapone 552 

and SSRIs can influence the gut microbiome38,3942–44. As for differences between cases and 553 

controls in previously published studies (mostly 16S rRNA gene amplicon-based analyses), the 554 

results concerning alpha diversity have been inconsistent45–47, so it is not unexpected that no 555 

clear differences were apparent from our comparisons. Furthermore, broad summary measures 556 

such as alpha diversity indices are not as informative as the higher-resolution results of detailed 557 

taxonomic data. 558 

 559 
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Beta diversity 560 

When considering beta diversity for individual variables (Bray-Curtis dissimilarity compared 561 

with adonis/PERMANOVA with no confounder correction; Supplementary Table 4b), there 562 

was no statistically significant difference between groups with either two or three categories in 563 

MG data, but in MT data, both comparisons were significant (P = 0.001 comparing cases to 564 

controls, P = 0.007 for the three-group, control/iRBD/PD variable). For MG data, there were 565 

significant differences for age, sex, antidepressant medication and the Sniffin’ Sticks score for 566 

evaluating sense of smell. For MT data, significant variables in addition to the case/control 567 

status included constipation, sex, agonist medication, Sniffin’ Sticks score and Hoehn and Yahr 568 

stage; age was not significant. In a combined model including age, sex, and the case (iRBD or 569 

PD) versus control variable, all three variables were significant when using MG data, while 570 

again, age was not significant for MT data. In previous studies, 16S rRNA gene amplicon based 571 

beta diversity has typically differed between groups46, although it only explains a small amount 572 

of the data variability (R2 between < 1% to <13% depending on study, according to a recent 573 

meta-analysis47). In our comparisons, even in MT data, where differences between groups had 574 

a lower P-value, the variance explained by the case/control variable was less than 2%. This 575 

implies that other variables may have stronger effects. In general, more detailed comparisons 576 

involving specific microbial taxa are likely to be more informative than summary measures. 577 

 578 

Taxon abundance 579 

Considering the differential abundance comparisons of mOTUS2-based taxonomic data 580 

(Extended Data Fig 3c-d, Supplementary Table 5), there were more numerous differentially 581 

abundant taxa between cases and controls in MT than in MG data. Considering pairwise 582 

comparisons of the three categories (controls vs iRBD vs PD), there were also many more 583 
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differing taxa between iRBD and controls or PD and controls than between iRBD and PD, 584 

highlighting that subjects with iRBD may already have a PD-like microbiome48. 585 

Some previously reported microbial alterations were only detected in MT but not in MG 586 

comparisons, or vice versa. The commonly reported increase in the genus Lactobacillus in PD 587 

compared to controls46,47 was detected in MG comparisons, but only statistically significant 588 

when considering the two-category case vs control variable. Several other often-seen 589 

differences, such as decreases in Blautia47,49–51, Eubacterium1–3, 590 

Faecalibacterium46,47,49,51,52,54,55, Lachnospiraceae46,50,51,55,56, Prevotella46,52,57 and 591 

Roseburia46,47,49–52,54 in PD were only statistically significant in comparisons with MT data. 592 

Bifidobacterium, a genus often reported as increased in PD46,47,49,51,52,58, was not statistically 593 

significant for any of the MG-based comparisons, and was decreased in PD and iRBD when 594 

considering the MT data. Alistipes, which was reported as increased in PD in a 16S rRNA gene 595 

amplicon based meta-analysis47, was increased in PD in our MG and MT data, as was the genus 596 

Escherichia, which includes species with established pathogenic potential. Furthermore, 597 

Escherichia spp. are producers of the bacterial amyloid Curli, which can affect α-synuclein 598 

aggregation, and has been hypothesized to play a role in PD pathogenesis59,60. 599 

Overall, our differential abundance results highlight the importance of exploring also 600 

metatranscriptomic and not only metagenomic data to uncover the full picture of microbial 601 

abundance shifts relevant in the context of PD. 602 

 603 

Metagenomics and metatranscriptomics: functional analyses 604 

In addition to the taxonomic analyses, we compared abundances of functionally classified 605 

sequence reads (representing KEGG orthologs; KOs) from MG and MT data between groups 606 

with DESeq239. Overall, the number of differentially abundant KOs (Extended Data Fig 3e, 607 
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Supplementary Table 7) was far greater in the MT data (1,000 significantly different KOs for 608 

the case vs control comparison) than in the MG data (28 significantly different KOs for the 609 

case vs control contrast). This suggests, in line with the IPCA plots (Extended Data Fig 2), that 610 

metatranscriptomic data better captures differences between cases and controls than 611 

metagenomic data, and emphasises the importance of functional omic analyses61.  612 

The numbers of KOs that were statistically significantly different in both MG and MT 613 

comparisons were limited, with only nine consensus hits seen for the overall case (PD or iRBD) 614 

versus control comparisons. Considering the pathways represented by differentially abundant 615 

KOs (Extended Data Fig 3e), after three global categories (“Metabolic pathways”, 616 

“Biosynthesis of secondary metabolites” and “Microbial metabolism in diverse environments”) 617 

the most commonly observed ones were “Two-component system”, “Biosynthesis of amino 618 

acids”, “ABC transporters” and “Carbon metabolism”, all of which contained KOs altered in 619 

both directions (either increased or decreased in PD and iRBD). The KOs representing “Two-620 

component system” and "Carbon metabolism” more often had an increased abundance in cases. 621 

Other pathways with this pattern included “Biosynthesis of cofactors” and “Pyruvate 622 

metabolism”. KOs in the “Flagellar assembly” category were often decreased in cases. Overall, 623 

the long list of altered MT KOs is a clear indication that not only the structure, but also the 624 

function of the active microbial community is strongly affected in PD. 625 

 626 

Metaproteomics 627 

We assessed correlations between identified protein counts with clinical variables and alpha 628 

diversities calculated from taxonomically classified MG and MT sequence reads to determine 629 

if variation in the number of identified proteins could be linked to clinical or microbial 630 

community features (Supplementary Table 2). The counts were different when comparing 3 631 
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groups (PD versus iRBD versus control; P=0.03), with the highest values seen in samples from 632 

PD subjects. They were also weakly correlated with alpha diversity based on MG data 633 

(considering either Pearson or Spearman correlations). Thereby, the identified proteins also 634 

reflect biological differences in the microbial communities. 635 

We excluded any samples with less than 1,000 identified proteins from further comparisons, 636 

which included differential abundance testing of spectra classified for taxa and KOs. Based on 637 

taxonomic assignments of the metaproteomic data, only two taxa that differed between groups 638 

were identified (Supplementary Table 6, Extended Data Fig 3c): Prevotella copri was 639 

significantly decreased in iRBD compared to controls, and the genus Lactobacillus was 640 

significantly increased in PD compared to iRBD. However, when considering taxa with P < 641 

0.05 without multiple comparison corrections, the class Coriobacteriia, the family 642 

Oscillospiraceace, the genera Methanobrevibacter and Parabacteroides and the species 643 

Roseburia faecis and Bifidobacterium longum were increased in cases compared to controls. 644 

In contrast, the genus Roseburia and the species Ruminococcus sp AF21.42 were decreased.  645 

With respect to the functional gene analyses, there were very few statistically significantly 646 

differing metaproteomic KEGG orthologs (three for the case vs control variable, nine for iRBD 647 

vs control and ten for PD vs iRBD, with no hits for PD vs control; Supplementary Table 8, 648 

Extended Data Fig 3e). The differences also exhibited very little overlap with the MG and MT 649 

results: two KOs were significant for both MP and MT comparisons of iRBD vs control, and 650 

another two for PD vs iRBD. 651 

The discrepancies between the MP data and the MG and MT data may be in part due to the 652 

smaller subset of samples used for MP analyses, but they also reflect real biological differences, 653 

reflecting the different characteristics of each omic method. Future studies should expand the 654 

use of MP in the field of PD microbiome research, as this could provide new insights into the 655 

functional differences between groups. 656 
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Metabolomics 657 

 658 

Untargeted GC-MS 659 

In addition to the two metabolites significantly increased in PD and iRBD, i.e. 2-660 

hydroxypyridine and β-glutamate, there were two other metabolites that differed significantly 661 

when comparing all cases (PD or iRBD) to controls and in pairwise iRBD vs control or PD vs 662 

control contrasts: glycerol and glucuronic acid. Both were more abundant in fecal extracts of 663 

control subjects’ samples than those of cases with PD or iRBD (Extended Data Fig 4a, 664 

Supplementary Table 9). 665 

Glycerol is a common molecule derived from various dietary sources. There is notable, 666 

microbial community related interindividual variation in glycerol metabolism in humans62. The 667 

between-group differences seen in our results could be due to different rates in glycerol 668 

metabolism, reflecting microbial community differences. However, the abundances of the main 669 

functions for bacterial glycerol degradation (K06120: glycerol dehydratase and K00086: 1,3-670 

propanediol dehydrogenase) did not differ between the groups in MG or MT data 671 

(Supplementary Table 7). In the MP data, K06120 was not detected, and while the mean 672 

abundance of K00086 was higher in cases when compared to controls, the difference was not 673 

statistically significant after multiple comparison correction (Supplementary Table 8).  674 

Glucuronic acid is involved in the metabolism of xenobiotic compounds, including drugs. 675 

Elevated levels of glucuronic acid in plasma have been linked to conditions such as diabetes 676 

and liver diseases and even to all-cause mortality63, but faecal glucuronic acid has not been 677 

commonly studied. One study has reported increased levels of glucuronic acid in stool samples 678 

of PD subjects with a dyskinetic phenotype compared to other phenotypes, and the authors 679 

have hypothesised that it may result from the cleavage of glucuronidated xenobiotics by 680 
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bacterial β-glucuronidases64. However, our metabolomic data showed an increase in glucuronic 681 

acid in controls, not in PD subjects of any phenotype, and our functional (KO) data did not 682 

show a significant difference in the abundance of β-glucuronidases (K01195) between groups 683 

in any omic dataset (Supplementary Tables 7 and 8). Medications are likely to play a part in 684 

the detectable amounts of glucuronic acid, considering that some anti-Parkinsonian 685 

medications are glucuronidated65, as are many other common medications, such as statins66. 686 

Overall, more research on faecal glucuronic acid and how it correlates with circulating blood 687 

levels would be required in future studies. 688 

 689 

Short-chain fatty acids 690 

In comparisons of short-chain fatty acid (SCFA) levels between groups, butyric, isobutyric and 691 

isovaleric acids were statistically significantly different when comparing all cases (PD or 692 

iRBD) to controls (fdr-corrected P<0.05; Supplementary Table 9). Butyric acid levels were 693 

lower in cases compared to controls, in line with two previous publications exploring fecal 694 

SCFAs in PD7358,67. In contrast, the pattern for isobutyric and isovaleric acids was the opposite, 695 

with higher concentrations in cases. These SCFAs did not differ significantly between groups 696 

in previous studies, although both had a slightly higher mean relative concentration in PD 697 

compared to controls in one study58 and a higher mean absolute concentration in the other67. 698 

Taken together, these results show that larger studies of SCFAs in PD are needed to better 699 

understand the likely links between individual SCFAs and the disease. 700 

 701 

Untargeted LC-MS/MS 702 

We explored the LC-MS/MS data for 2-HP- and chlorpyrifos-related compounds 703 

(Supplementary Table 13). Nicotinic acid was found at level 2a confidence (probable structure 704 
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by library spectrum match; Supplementary Table 14 & 15) with statistically significant 705 

differences for the control vs PD (uncorrected P=0.0007) and control vs iRBD (uncorrected 706 

P=0.0025) comparisons, but not between iRBD and PD cases. Only one other chemical 707 

(diethylphosphate) had intensities above quality control thresholds, but no corresponding 708 

MS/MS spectra. 709 

Seven chemicals from a published list of neurotoxicants29,30 were tentatively identified in our 710 

data (Supplementary Table 15), one of which has been associated with PD in the literature (1-711 

naphthylamine68). However, none of these chemicals were among the masses with a 712 

statistically significant difference between the different groups (Supplementary Table 12). 713 

Among the top 500 masses by intensity, only 7 matches (identification level 3; tentative 714 

candidates) were found associated with agrochemical information, including two 715 

transformation products (Supplementary Table 16). Of the statistically relevant masses (337 in 716 

positive mode, 63 in negative mode), only 50 and 8 masses passed quality control. Only 4 in 717 

positive mode had scores >4 in MetFrag (agrochemical search), including 2-amino-3-chloro-718 

1,4-naphthoquinone and nicotinic acid (identified also above), plus phenylalanine and 719 

phenylephrine. Only one compound in negative mode had a MetFrag score > 3, roxatidine. 720 

No chlorpyrifos-related chemicals were found in the LC-MS data, which suggests that this 721 

pesticide is most likely not the source of the elevated 2-HP levels in PD patients. 722 

 723 

Relationships of metabolites increased in PD and iRBD with clinical variables 724 

We performed additional comparisons focusing on the two metabolites that were increased in 725 

the faecal samples from PD or iRBD patients in comparison to the controls: 2-HP and β-726 

glutamate (Supplementary Data Table 11). When considering the clinical and demographic 727 

data, 2-HP was inversely correlated with age in controls but not in PD or iRBD patients. There 728 
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was also a borderline difference between sexes (P=0.058) apparent in controls, but not in the 729 

PD-only or iRBD-only datasets. Instead, age at diagnosis and 2-HP levels were positively 730 

correlated in PD patients, considering either Pearson or Spearman correlation coefficients 731 

(Extended Data Fig 4b, Supplementary Data Table 11). For two patients, the interval from 732 

diagnosis of PD to sampling was much longer than for the rest of the subjects, and one of two 733 

had clearly a higher level of 2-HP than the other. The subject with less 2-HP out of the two had 734 

worse symptoms, while the subject with high 2-HP levels was on agonist medication. PD 735 

patients taking this medication generally had slightly higher 2-HP levels (P=0.086), but the 736 

specific patterns were difficult to evaluate due to heterogeneity of medication use (17 PD 737 

patients were not taking any agonist medication, and out of those who were, 14 were taking 738 

pramipexole, 6 piribedil, 2 ropinirole, 1 pramipexole and piribedil, and 1 rotigotine).  739 

β-glutamate levels differed between PD patients who did take agonist medication and those 740 

who did not, as well as depending on statin medication and entacapone medication, although 741 

such medication was only taken by four PD patients. Additionally, in PD patients, β-glutamate 742 

was correlated with age at diagnosis when considering the Spearman correlation coefficient, 743 

and inversely correlated with non-motor symptom scores (SCOPA-AUT and PD-NMS, both 744 

correlation metrics). Since this metabolite was particularly high in iRBD and did not differ 745 

between PD and controls, this pattern suggests that it may be associated with earlier disease 746 

stages and should be studied further in a disease progression context. 747 

 748 

Metabolites increased in PD and iRBD and taxa 749 

To identify microorganisms that could be related to the two metabolites increased in cases, 750 

potentially even producing them, we calculated correlations between the abundances of taxa 751 

(either relative abundances or CLR-transformed relative abundances, with MT and MG data 752 
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annotated using either Kraken217 or mOTUs216) and metabolite values (Extended Data Fig 4d, 753 

Supplementary Table 17). Focusing on the taxa that were most often seen as significantly 754 

correlated (fdr-corrected P<0.05) considering the different approaches and either the Pearson 755 

or the Spearman correlation coefficients, the main pattern was that both 2-HP and β-glutamate 756 

were positively correlated with Methanobrevibacter smithii, as well as the parent taxonomic 757 

ranks (genus Methanobrevibacter, family Methanobacteriaceae, order Methanobacteriales, 758 

class Methanobacteria and phylum Euryarchaeota). This led us to suspect a connection 759 

between archaeal metabolism and the two metabolites. Other taxa with the most overlap 760 

between approaches included the phylum Verrucomicrobia and the genus Anaerotruncus; 761 

separate inspection of species-classified data representing this genus showed a less consistent 762 

pattern than the one seen for M. smithii. Considering MP data (Supplementary Table 17), the 763 

only result overlapping with the main significant hits from MG and MT correlations was a 764 

significant positive correlation between β-glutamate and the genus Methanobrevibacter; 765 

additional MP results included a negative correlation between Prevotella and β-glutamate. 766 

 767 

Relationships of metabolites increased in PD and iRBD with other metabolites 768 

We calculated Pearson and Spearman correlations between all metabolites from the untargeted 769 

GC-MS and targeted SCFA measurements to explore their relationships with the two 770 

metabolites increased in cases (Extended Data Fig 4e, Supplementary Table 18). The two 771 

metabolites that had the highest positive correlation coefficients with 2-HP were unidentified. 772 

Their identification was not possible due to their low abundances in the samples. β-glutamate 773 

and 2-HP were also intercorrelated. 774 

In negative associations, butyric acid was inversely correlated with β-glutamate, and acetic acid 775 

with both metabolites. This is relevant considering the correlation of 2-HP, β-glutamate and 776 
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Methanobrevibacter smithii. While Methanobrevibacter sp. do not degrade acetate, they can 777 

transport it and use it for anabolism69,70. M. smithii has also been shown to influence acetate 778 

production by other gut microbes, although in the published cases, the correlation between 779 

acetate and M. smithii was positive71,72. It would be important to perform further studies 780 

concerning the relationships between SCFAs and M. smithii in different contexts, and to 781 

elucidate any effects relating to health and disease. 782 

 783 

Metabolites increased in PD and iRBD and functions (KOs) 784 

We correlated the normalized intensities of 2-HP with relative abundances of KOs to identify 785 

gene functions associated with this molecule (Supplementary Table 19, Extended Data Fig 4f). 786 

With a cut-off of fdr-corrected P< 0.05 for all three data types (MG, MT and MP) and |r| > 0.4 787 

for MG and MT data (no r-cut-off for MP due to smaller sample set), the largest number of 788 

correlations were found in the MT data. Considering the pathways represented by significantly 789 

correlated KOs, methane metabolism was among the 10 most common ones for both Pearson 790 

and Spearman correlations, further highlighting the connection to methanoarchaeal 791 

metabolism. Other commonly positively correlated pathways which were in the top 10 for both 792 

Pearson and Spearman correlations included carbon metabolism and biosynthesis of cofactors.  793 

 794 

Multi-omics: DIABLO analysis 795 

DIABLO, a method from the R package mixOmics36, allows a multi-block analysis of all omic 796 

data types. It was implemented to integrate the MG, MT, MP and metabolomic data. 797 

Classification of the samples into the three groups (PD, iRBD and controls) resulted in 798 

suboptimal performance (data not shown), related to similarities between the PD and iRBD 799 
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groups, so the classification was performed by considering PD and iRBD as a single, combined 800 

group of cases. 801 

Prior to running the comparisons, a design matrix was built based on PLS of pairs of data types; 802 

the results suggested that out of the different data types, the highest correlations were apparent 803 

for MT-resolved taxa and MT-resolved KOs, as well as MG-resolved taxa with MT-resolved 804 

taxa, while the MG and MP KOs were the least correlated (Extended Data Fig 5a). Based on 805 

the tuning for the number of components, the optimal choice was to use 2 components 806 

(Extended Data Fig 5b).  807 

When plotting individual samples per data type (Extended Data Fig 5c), the results resembled 808 

the IPCA analysis (Extended Data Fig 2) in that the clearest separation between groups was 809 

observed for metabolites and MT KOs. Out of the selected features (Extended Data Figs 5d-e), 810 

the two metabolites that were increased in cases were on the list, with 2-HP on component 1 811 

and β-glutamate on component 2 (Extended Data Fig 5e). For the species-level taxonomic data, 812 

the Methanobrevibacter smithii mOTU was among the selected features for component 1 in 813 

both MG and MT data, and had a negative loading, similarly to 2-HP, again highlighting their 814 

connection. Two other species from the taxon-metabolite correlations (Extended Data Fig 4d) 815 

were also selected on the 1st component in both MG and MT data. 816 

Out of the KOs, only one was among the selected features in more than one data type: K05979 817 

(comB, 2-phosphosulfolactate phosphatase), which was on the 1st component for both MT and 818 

MG data. This KO was also significantly positively correlated with 2-HP and β-glutamate in 819 

the MG and MT data in the simple correlations of metabolites and KOs (Supplementary Table 820 

10). Importantly, 2-phosphosulfolactate phosphatase is an enzyme related to coenzyme M 821 

biosynthesis73, which is present in Methanobrevibacter sp., providing further support for a 822 

connection between this archaeal genus and the two key metabolites identified. Along the same 823 

lines, an increased abundance of the coenzyme M pathway in PD was also highlighted based 824 



 36 

on comparisons of 16S rRNA gene amplicon-based functional predictions in a meta-analysis 825 

of previous PD microbiome studies47. 826 

 827 

Archaea-specific comparisons 828 

 829 

Methanobrevibacter smithii abundance 830 

Despite the results implying an association between Methanobrevibacter smithii and the 831 

metabolites which were increased in cases, there was no significant difference in the abundance 832 

of the Methanobrevibacter smithii mOTU or the genus Methanobrevibacter between groups in 833 

MG, MT (Supplementary Table 5) or MP (Supplementary Table 6) based comparisons, 834 

although the uncorrected P-value for the two-group cases vs control comparison was 835 

significant in the MP data. There was also a slight numeric difference in mean relative 836 

abundances between groups in all three types of data, with higher abundances seen in PD and 837 

iRBD than in controls (Extended Data Fig 6a-c). 838 

To see whether a significant difference might be found in a larger set of samples, we used 16S 839 

rRNA gene amplicon data from NCER-PD LuxPark cohort21. In the dataset from this larger 840 

cohort, we did indeed detect a significant difference for the genus Methanobrevibacter 841 

(Extended Data Fig 6d, Supplementary Table 20). We hypothesize that due to 842 

Methanobrevibacter being an overall low abundance taxon and the workflow not being 843 

optimised for archaeal detection, the smaller cohort used in our study lacks the power to detect 844 

a significant difference between the groups.  845 

 846 
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2-HP and methanogenesis-related functions 847 

To further explore the potential connection of 2-HP and M. smithii, we calculated correlations 848 

between 2-HP and all methanogenesis-related M. smithii KOs based on the KEGG database. 849 

When considering the full data without accounting for the groups, more than half of these KOs 850 

were significantly correlated with 2-HP in both the MG and MT data (Extended Data Fig 6e). 851 

Furthermore, there were very few significant KOs when correlations were calculated using 852 

only data from control subjects, while the results for the cases only looked similar to those 853 

using the full data (without considering groups). 854 

A gene of specific interest in relation to 2-HP is 5,10-methenyltetrahydromethanopterin 855 

hydrogenase (Hmd; K13942), which has a cofactor that contains a 2-pyridone structure. This 856 

enzyme catalyses an intermediate step in methane formation from H2 and CO2 in 857 

hydrogenotrophic methanogenic archaea74, of which M. smithii is the key representative in the 858 

human gut71. The biosynthesis genes for the 2-pyridone-containing cofactor are known as the 859 

Hcg genes (Hmd co-occurring genes)75. As these genes are not widely studied and are not 860 

included in the KEGG database, they were not available in our KO-annotated functional data. 861 

We therefore performed a separate search for two of these genes, hmdB (also known as HcgA) 862 

and hmdC (also known as HcgG), in predicted protein data from co-assemblies of our MG and 863 

MT data, and were able to detect them. Overall, they were however not very abundant: a total 864 

of 22% of control, 30% of PD and 33% of iRBD samples allowed detection of one or both 865 

genes (Extended Data Fig 6f). Samples with one or both genes present also had higher 2-HP 866 

normalized peak areas (Extended Data Fig 6g). Additional experimental work is required to 867 

establish the exact connections of 2-HP, M. smithii and methanogenic metabolism. 868 

 869 
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Mouse model 870 

In order to investigate any possible causal effects between 2-HP and Parkinson’s disease-linked 871 

phenotypes in vivo, we performed intrastriatal injections of 2-HP into wild-type mice and a 872 

corresponding disease model41,76. Intrastriatal injection represents an established experimental 873 

approach for studying neurodegeneration in mice. It is for example used to investigate the 874 

effect of factors such as preformed α-synuclein fibrils77 or the pesticide/insecticide rotenone78 875 

on disease initiation and progression. We chose this established in vivo approach as, in the 876 

context of the link between 2-HP and hydrogenotrophic archaea in the gut, classical in 877 

vivo experimental approaches are severely limiting and do presently not allow the inference of 878 

causal mechanisms. More specifically, monocolonisation by archaea and fecal matter 879 

transplantation (FMT) from patients are confounded by the need for bacterial counterparts and 880 

cofactors to sustain the archaea in vivo71. Furthermore, community-based inoculation or FMT 881 

does not provide the necessary colonisation with archaea in mice. The latter point is in 882 

particular evident from the data by Sampson et al.79, where the microbial community data show 883 

that only a negligible number of mice had archaea in their gut microbiome post FMT from 884 

human donors. Taken together, this highlights the need for the development of new in 885 

vivo experimental approaches tailored towards unravelling the role of the archaea in the gut 886 

microbiome. Such a development does however go beyond the scope of the present work. 887 

  888 
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