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[bookmark: _j7io3saxblon]Lineage-resolved gut microbial transcriptomes reveal two distinct transcriptional programs in Parkinson’s disease
Based on gut microbial transcriptomic states, we identified several lineage-specific functional responses associated with PD. These responses could be broadly categorized into two major trends: (i) reduced cellular fitness in health-associated microorganisms, characterized by reduced metabolic and biosynthetic activity, and (ii) increased adaptation to environmental stress, reflected by the upregulation of cell-envelope, redox, and antimicrobial defence-related functions (Figure 5B, Supplementary Table 2). 
For the first group, the strongest associations with PD were observed for the commensal bacteria Coprococcus aceti and Streptococcus thermophilus, for both of which functions were downregulated. More specifically, Coprococcus aceti demonstrated a general reduction in metabolic fitness in PD, including pathways involved in aromatic amino-acid metabolism (aroE), nitrogen metabolism (glnB), energy metabolism (SdhA, PF00128;PF11941), tRNA and protein biosynthesis (COG1234, rnz, mrnC, rplP, def, clpC). 
Streptococcus thermophilus showed downregulation of thiamine metabolism (thiN, thiJ), reduced DNA replication and repair (rmuC, dnaQ), and reduced cell wall biogenesis (cps2a). At the same time, the expression of the Mn2+ transporter of the Nramp family was upregulated, suggesting an increased stress response to reactive oxygen species. Interestingly, Streptococcus thermophilus exhibited reduced expression of the DJ-1 family glyoxalase III enzyme, which metabolizes the toxic methylglyoxal and glyoxal to lactic acid. Methylglyoxal is a toxic compound known to promote alpha-synuclein aggregation and is implicated in PD pathogenesis1,2. In bacteria, these enzymes protect against carbonyl stress, whereas the human homolog DJ-1 (encoded by PARK7) functions as an antioxidant and neuroprotective protein involved in cellular responses to oxidative stress and mitochondrial dysfunction, and is mutated in autosomal recessive forms of PD, highlighting its critical role in neuronal protection and disease pathogenesis3. Although bacterial and human DJ-1 proteins are evolutionarily related rather than functionally equivalent, this observation raises the possibility that altered microbial glyoxal metabolism contributes to the intestinal metabolic environment in PD.
For the second group, the greatest stress-adaptation-related transcriptomic changes were observed in Phocaeicola massiliensis and Hominimerdicola aceti. Phocaeicola massiliensis shows increased expression of stress-response genes (cutF, menI) and cell-envelope modification (ltaS, MdoB/OpgB), which, together with the upregulated acid-resistance membrane protein HdeD gene, a key component of glutamic acid-dependent acid resistance, suggests increased acid stress in the gut microbiota of individuals with PD. This observation is further supported by altered expression of genes involved in glutamate metabolism (glsA, ansB), along with upregulation of histidine decarboxylase, the enzyme that converts histidine into histamine. In bacteria, histidine decarboxylation is linked to acid stress resistance, as consuming intracellular protons during this process promotes survival in acidic environments4. The decarboxylation byproduct, histamine, has been implicated in neuroinflammatory processes relevant to PD5,6. 
Several PD-associated taxa also exhibited increased expression of mucin-degrading functions. Phocaeicola massiliensis demonstrated the upregulation of glycoside hydrolase family 35 activity7. Together with the upregulation of the PA14 carbohydrate-binding domain identified in Akkermansia muciniphila and the integral-membrane HGSNAT/DUF1624 N-acetyltransferase of Ruminococcoides intestinale, this suggests increased host mucin degradation in PD.
Hominimerdicola aceti showed a coordinated transcriptional program, consistent with increased antimicrobial resistance and cell-envelope remodelling, evidenced by upregulation of the ABC transporter system, including multidrug and envelope-associated transporters, polysaccharide phosphate transport, bacteriocin, and lantibiotic export (COG1132, COG2274, COG5265, COG1131, COG1134). This is accompanied by an increased stress response via upregulation of Clp-like chaperone ATPase activity (COG0542), changes in gene expression regulation (COG1396, COG3279), and active cell envelope remodelling via activation of the LiaF system, the histidine kinase WalK, and the lipoprotein-anchoring transpeptidase ErfK/SrfK. At the same time, a decrease in the expression of the sugar diacid utilization regulator CdaR and cysteine desulfurase	iscS suggested changes in available energy sources and a decrease in sulphur delivery metabolism.
Within this group, a particularly interesting transcriptional alteration was identified in the bacterium PeH17 sp000435055 from the CAG-138 family, a taxon previously reported to be enriched in PD8,9 together with other members of the Christensenellales order. This species demonstrated increased expression of glycerol-3-phosphate acyltransferase, suggesting changes in membrane phospholipid metabolism, together with several components of the acetoin utilization transport system (ytrA, ytrB, and ytrC_D). Acetoin is an organic compound produced during bacterial and yeast fermentation and has been previously suggested as an early biomarker of PD10. In addition, acetoin levels were elevated in the fecal metabolome of PARK7 knockout mice compared with wild-type animals11. Interestingly, our data also revealed reduced expression of a DJ-1 family glyoxalase III enzyme in Streptococcus thermophilus, while reduced DJ-1 activity has been consistently reported in PD patients12. Although the relationship between bacterial DJ-1 homologues and host DJ-1 biology remains to be established, these observations collectively suggest that acetoin metabolism may be altered in the PD gut environment. In this context, the increased expression of ytrA, ytrB, and ytrC_D in PeH17 sp000435055 may reflect an adaptive response to increased acetoin availability, enabling this bacterium to use acetoin as a metabolic substrate, thereby supporting its transcriptional activity and explaining possible enrichment in PD.

[bookmark: _k1mfozluhqnw]Parkinson’s disease severity and duration are associated with altered gene expression in Lachnospiraceae
Among all microbial taxa, members of the Lachnospiraceae family exhibited the strongest and most consistent transcriptional responses associated with disease duration and clinical severity. PD duration strongly affects the transcriptional state of Lachnospira rogosae, leading to bidirectional changes in gene expression (Figure 6A, Supplementary Table 2). As disease duration increases, Lachnospira rogosae enters a remodeled ecological state characterized by stress responses, including increased protein folding (OapB, groES, PF13616, tig) and DNA maintenance (yhdE, xerD, mutS). In contrast, genes encoding enzymes involved in the synthesis of several cofactors, including biosynthetic genes linked to B vitamins (dxs, ribE, thiD) and arginine and ornithine (argF, argI), were downregulated in PD. Expression levels also demonstrate altered carbohydrate sensing, transport, and metabolism, with upregulation of  HPr kinase hprK, triosephosphate isomerase tpiA, and pyruvate formate lyase activating enzyme pflX, and downregulation of exo-poly-alpha-galacturonosidase pehX. At the same time, as with the PeH17 sp000435055 bacterium, Lachnospira rogosae showed increased expression of two genes (ytrA, ytrB) involved in acetoin utilisation. 
Lachnospira rogosae also showed evidence of cell wall and lifestyle remodeling with longer disease duration. Expression of larC, encoding a nickel chelatase involved in the biosynthesis of the nickel-pincer cofactor required for lactate racemase activity, was increased. In contrast, patatin-like phospholipase, cardiolipin synthase C, and glycosyltransferase family 4 were downregulated, which suggests altered membrane maintenance. Expression of a MASE1-sensor-containing diguanylate cyclase yegE was increased, together with the flagellar protein domain PF12611 and the quorum-sensing pheromone agrD. In contrast, expression of the c-di-GMP phosphodiesterase bifA and the second diguanylate cyclase yegE, without MASE1 sensory annotation, was decreased. Since cyclic di-GMP is a known regulator of biofilm formation13, these data suggest a rebalancing of motility-to-biofilm transition regulation in Lachnospira rogosae from patients with a longer history of PD. 
Whereas disease duration primarily affected Lachnospira rogosae, clinical severity, with the strongest transcriptional signal linked to non-motor impairment, was mainly associated with coordinated transcriptional responses across multiple members of the Lachnospiraceae family including Lachnospira eligens_A, Hominisplanchenecus faecis, Lachnospira rogosae, Mediterraneibacter faecis, Agathobacter rectalis, Fusicatenibacter saccharivorans, Bariatricus comes, Oliverpabstia intestinalis, and several Blautia species (Figure 6B-6D).
Lachnospira eligens_A showed the most pronounced transcriptional changes, with the majority of features having reduced expression as the severity of non-motor disease symptoms increased (Figure 6B, Supplementary Table 2). Several genes involved in transcription and translation showed reduced expression, including a set of ribosomal protein genes (RP-L14, RP-L17, RP-S11, RP-S13, RP-S16, and RP-S8), the large ribosomal subunit accumulation protein yceD, the rRNA transcriptional regulator CarD, RNA polymerase subunit rpoA, tRNA pseudouridine synthase truA, and genes involved in nucleic acid recycling and de novo synthesis (purN, purH, purE, and xpt). In addition, genes related to the metabolism of aromatic amino acids, including tryptophan (trpA, aroA), the synthesis of B vitamins (cobW, folC, folD), energy metabolism (atpE, atpH), and L-glutamate, arginine, and lysine biosynthesis (argD) were downregulated. At the same time, the ribosomal protection protein tetM, phosphatidylglycerophosphate synthase, and glyceraldehyde 3-phosphate dehydrogenase (gapA) genes were upregulated. In contrast, the motor experiences associated with daily living and the results of motor examination demonstrated fewer associations with Lachnospira eligens_A expression patterns. Specifically, a high motor symptom burden is associated with a decrease in the expression of the aes gene, which encodes an acetyl esterase enzyme participating in the release of acetic acid from plant sources14, and galactose transaminase (COG0399) involved in cell wall biosynthesis, whereas chemotaxis protein CheD and lipid-biosynthetic glycerol-3-phosphate acyltransferase are increased. Poorer motor examination scores were associated with the downregulation of diphosphatase bcrC involved in cell wall biosynthesis. 
Taken together, the observed transcriptional patterns suggest loss of potentially beneficial microbial activity in individuals with greater non-motor impairment, assuming the importance of Lachnospira eligens_A in suppressing neuroinflammation and restoring gut-brain barrier integrity15. These results are consistent with previous reports showing reduced abundance of the Lachnospira genus in PD16–19. In the microbiome of patients with poorer results on the UPDRS parts II and III, Lachnospira eligens_A demonstrates a transcriptomic signature of reduced acetate production, cell wall remodelling, and a change in ecological niche. Interestingly, gapA expression increased with motor symptom severity. The human homolog, GAPDH, has previously been implicated in several neurodegenerative diseases, including PD20,21, where it has been detected in Lewy bodies and non-native forms of the enzyme shown to interact with amyloid-beta peptide to form insoluble complexes TPPP/p25 and tubulin22,23. Interestingly, gapA expression increased with motor symptom severity. Whether bacterial gapA contributes to similar processes remains unknown, but the observed transcriptional changes highlight this pathway as an interesting target for future functional studies.
In contrast, another Lachnospiraceae species, Hominisplanchenecus faecis, exhibited a predominantly positive relationship between gene expression and PD severity measures. This species has been previously linked to chronic inflammatory demyelinating polyneuropathy24 and Alzheimer’s disease25. In our study, greater motor and non-motor symptom burden was associated with transcriptional changes in Hominisplanchenecus faecis, particularly in genes involved in glutamate, tryptophan, and arginine metabolism. Specifically, higher UPDRS part III scores were associated with increased expression of type III glutamine synthetase, which catalyses the incorporation of ammonia into glutamate to produce glutamine. In parallel, greater non-motor symptom severity was associated with increased expression of ureD, encoding a urease accessory protein required for urease maturation and potentially supporting ammonia production through urea hydrolysis.
Glutamine may subsequently contribute to tryptophan biosynthesis through the anthranilate synthase complex, whose two components catalyse the conversion of chorismate and glutamine into anthranilate, with glutamate produced as a by-product. In our data, expression of anthranilate synthase component I was positively associated with the scores of UPDRS parts II and III, whereas expression of component II was positively associated with UPDRS part II scores. Anthranilate is a precursor of tryptophan, and although genes involved in the intermediate steps of tryptophan biosynthesis were not significantly associated with symptom severity, expression of tryptophan synthase subunit beta, which catalyses the final step of this pathway, increased with greater motor symptom burden. In addition, the positive association between argJ expression and UPDRS part III scores suggests increased involvement of glutamate-derived ornithine and arginine biosynthesis in individuals with more severe motor symptoms. 
Importantly, the expression of regulatory elements potentially linked to this metabolic pathway was also associated with disease severity. Expression of a putative YerC/YecD-family tryptophan repressor-like transcriptional regulator, trpR, was positively associated with UPDRS Part II scores. A proximal non-coding RNA containing the Clostridiales-1 RNA motif, located on the same contig as trpR in most MAGs of Hominisplanchenecus faecis, showed a similar association pattern. This co-localisation and concordant transcriptional response is consistent with a potential regulatory relationship, although this interpretation remains speculative. Collectively, these findings indicate that coordinated transcriptional changes in nitrogen and amino acid metabolism in Hominisplanchenecus faecis accompany increasing PD severity. The association between anthranilate synthase component I and UPDRS Part III scores was previously shown on MG data in a multicohort study26. Together, these findings extend a previous MG  single-gene metagenomic observation to an MT signature involving multiple functionally related genes per species.
The concentration of these transcriptional responses within the Lachnospiraceae family is notable because many members are short-chain fatty acid-producing commensals that are consistently depleted in PD. Our findings suggest that beyond changes in abundance, these organisms also undergo profound functional remodeling and specialization, indicating that disease-associated dysbiosis involves ecological restructuring and altered microbial physiology rather than a uniform microbial response to disease.

[bookmark: _rrozx2ofjcw9]Microbial metal resistance and homeostasis pathways are altered in Parkinson’s disease
Species-resolved transcriptomic profiling identified widespread alterations in microbial pathways involved in metal sensing, homeostasis, transport, and detoxification in PD (Supplementary Table 2). The strongest evidence was observed in Otoolea fessa, which exhibited increased expression of the NiCo riboswitch, a regulatory RNA activated by elevated intracellular levels of nickel, cobalt, and iron27,28. Supporting this observation, a divalent metal cation (Fe/Co/Zn/Cd) efflux pump located immediately downstream of the riboswitch on the same contig was also significantly upregulated, suggesting coordinated activation of metal-responsive regulatory mechanisms. 
Beyond Otoolea fessa, several microbial taxa showed coordinated transcriptional changes affecting metal homeostasis across different clinical dimensions of PD. Disease status was associated with increased expression of the siderophore reductase FoxB in Bacteroides stercoris, the copper homeostasis protein cutF in Phocaeicola massiliensis, Mg2+/Co2+ transporter CorA in Phocaeicola vulgatus, and the Mn2+ transporter of the Nramp family in Streptococcus thermophilus. Non-motor symptoms were associated with increased expression of the arsenate reductase gene in Anaerostipes hadrus, the manganese transport protein mntH in Ellagibacter isourolithinifaciens, the P-type Cu+ transporter copA, and the iron-sulfur cluster repair protein YtfE in Mediterraneibacter faecis. The daily living motor experiences were associated with increased expression of a cobalt transport protein in Bariatricus comes. The results of motor examination were positively correlated with expression levels of a copper chaperone CopZ in Agathobacter rectalis, the tellurite resistance membrane protein TerC and Fe-S cluster assembly ATPase SufC in Anaerotardibacter sp000436075, and the iron-sulfur cluster repair protein YtfE in Fusicatenibacter saccharivorans. Increasing disease duration was associated with increased expression of the copper-sensing transcriptional repressor csoR in Maccoya intestinihominis, the Fur family ferric uptake regulator in Parabacteroides distasonis, and the copper homeostasis protein CutC in Fusicatenibacter saccharivorans. Finally, several taxa, including Hominisplanchenecus faecis and UBA11524 sp000437595, demonstrated increased expression of metal uptake-related genes, such as the cobalt/nickel transport system ATP-binding protein cbiO and the zinc transport system substrate-binding protein znuA in patients with more severe motor impairment, suggesting changes in microbial metal acquisition under these conditions.
Collectively, these findings indicate that PD is associated with coordinated transcriptional remodeling of microbial metal sensing, transport, and detoxification pathways. Epidemiological and experimental studies have implicated environmental metal exposure as a potential contributor to PD pathogenesis50. Although our study did not directly measure metal concentrations or exposure history, the observed microbial transcriptional responses are consistent with altered metal availability or metal-associated stress in the gut environment. Future studies integrating MT data with environmental exposure data and metal metabolomics will be required to determine whether these transcriptional signatures reflect increased exposure, altered host metal metabolism, or adaptive microbial responses to the intestinal milieu. 
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