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ABSTRACT
Background: Gut fungal composition and its metabolites have not been assessed simultaneously in Parkinson’s disease (PD) despite their potential pathogenic contribution.
Objective: To evaluate the faecal metabolome and mycobiome in PD by assessing volatile organic compounds (VOCs) and fungal rRNA. 
Methods: Faecal VOCs from 35 PD patients and two control groups (n=35; n=15) were assessed using gas chromatography and mass spectrometry. DNA was extracted from 44 samples: 18S rRNA gene amplicons were prepared and sequenced. Metabolomics, mycobiome and integrated analyses were performed. 
[bookmark: _Hlk76046985]Results: Several VOCs were more abundant and short chain fatty acids were less abundant in PD. Hanseniaspora, Kazachstania, uncultured Tremellaceae and Penicillium genera were more abundant, and Saccharomyces less abundant in PD (FDR<0.0007). Torulaspora was associated with PD and two VOCs. 
Conclusion: PD patients had a distinct metabolome and mycobiome suggesting that fungal dysbiosis may contribute to PD pathogenesis.


INTRODUCTION
The aetiology of Parkinson’s disease (PD) is likely to be the result of a complex interplay between multiple environmental and genetic factors although the exact mechanisms are unknown [1]. It has been suggested that the enteral mucosa could be the point of entry of a neurotropic pathogen and growing evidence suggests that the connection between the gastrointestinal tract and central nervous system (gut-brain axis) may play an important pathogenic role in PD given its importance in immune response, local and systemic inflammation, barrier function against potential external pathogens and modulation of neurotransmission. Changes in the gut microbiota in PD have been proposed as a contributing factor and they have been evaluated in several studies [2]. Although results are highly heterogeneous and influenced by many confounding factors, a recent meta-analysis showed a pattern of an increase in intestinal mucin layer-degrading Akkermansia and reduction in short-chain fatty acid-producing Roseburia and Faecalibacterium [3]. The functional consequences of these gut microbiome abnormalities have not been systematically evaluated although changes in faecal metabolites with neuroprotective/ neurodegenerative function have been identified [4]. The contribution of non-bacterial members of the microbiome to the gut metabolome is unclear. Fungi are ubiquitous and they may play a similar role to bacteria. Inhalational exposure to fungal volatile organic compounds, including 1-octen-3-ol, induced dopaminergic cell loss and levodopa-responsive parkinsonism in animal models [5] suggesting that exposure to these metabolites may contribute to PD in humans. The discovery of 1-octen-3-ol in human faeces led us to investigate fungal metabolites in PD [6].  Here, we report the faecal mycobiome and metabolite alterations in PD patients after analysing volatile organic compounds (VOC) and highly-conserved fungal rRNA in faecal samples.     

METHODS
Participants and study design
[bookmark: _Hlk86327853][bookmark: _Hlk40274479]35 patients with PD diagnosed according to clinical criteria [7] were prospectively recruited from a specialist clinic at the National Hospital for Neurology in London between 2016-2018. Severity of parkinsonism and constipation were evaluated using validated clinical scales (Supplementary Table 1) [8]. There were two control groups with no known neurological or gastrointestinal pathology. The primary control group were healthy individuals from the bowel cancer screening programme who had normal colonoscopies: it was used for the main comparisons. Samples were taken prior to a bowel preparation regimen. As the sample storage temperature differed between PD and primary controls, an secondary control group of healthy volunteers from dietary study was included. Ethical approval was granted by the relevant Research Ethics Committees and informed consent was given by all participants.

Sample collection
Methods protocols are summarized in Supplementary Figure 1. Stool was collected at home by participants and delivered within 12 hours. If not produced on the day of collection, participants froze samples at home for 24 hours and kept them cool during transportation to the hospital. On collection by the research team, samples were stored as follows: PD samples -80oC; primary controls -20oC (VOC studies) and -80oC (genomics); and secondary controls -70oC, but -20oC for <48h (n=7) or 6 days (n=8) before VOC analysis.

Metabolome and mycobiome analysis
We have reported our optimised protocol [9]. 450-500mg of stool were analysed by headspace gas chromatography and mass spectrometry. Data were processed using Automated Mass Spectral Deconvolution and Identification System software (v2.71, 2012), the National Institute of Standards and Technology mass spectral library (v2.0, 2011) and the R package Metab (v1.8.0). Compounds were named using IUPAC nomenclature. DNA extraction, amplicon production and analysis were performed as described previously [10]. Both PSP Spin Stool DNA (Stratec) and QIAamp Fast DNA Stool Mini Kits (Qiagen) were used, with an additional bead-beating step before PSP extraction [11, 12]. Extracted DNA was quantified, amplified, bar-coded, and sequenced using 18S rRNA primers (listed in Supplementary Table 4) on an Illumina MiSeq platform in two batches [13]. Details of bioinformatic analysis can be found in the supplementary material. 

Statistical analysis
[bookmark: _Toc5618008]Metaboanalyst v.5.0 was used for metabolomics statistical analysis [14] as reported previously [15]. Statistical comparisons between groups were performed using Chi-square test for categorical and t-test and analysis of variance (ANOVA) for continuous variables as appropriate; p values were reported and multiple comparisons were adjusted using the false discovery rate (FDR).  Using R (v.3.3.2, 2016), a .BIOM file was generated from sequencing data and gut mycobiomes of PD and control patients summarised using taxa abundance plots and compared using measures of alpha and beta diversity. Samples with VOCs and mycobiome data (PD, n=24, Control, n=20) were integrated using the mixOmics R package, specifically the Data Integration Analysis for Biomarker discovery (DIABLO) framework as reported previously [10, 13, 16].

RESULTS
Participants 
PD cases and primary controls were age-matched. Patient and control characteristics are shown (Supplementary Table 1).

Metabolome
After correction for multiple comparisons, 18 faecal VOCs were significantly associated with either primary control or PD groups (Table 1). Of these, only two (butan-2-one and 3-methylsulfanylpropanal) were significantly different when primary and secondary control groups were compared (FDR=0.0036 and FDR=0.016 respectively), suggesting their association with PD may be the result of batch effect (Supplementary Table 2 and Supplementary Figure 2).
There was no correlation between faecal VOC profiles of PD patients with severity of motor symptoms (measured by the MDS-UPDRS III), disease duration,  or constipation severity.
1,3-ditert-butylbenzene was strongly associated with PD. We repeated the comparison between PD and secondary controls including and excluding this compound: the PCA showed a similar group separation (Supplementary Figure 3). 

Mycobiome
[bookmark: _Hlk86336569]After DNA extraction and quantification, 24 PD samples were included in the final analysis: 11 others were discarded due to low / poor yield. Mycobiome data on the primary control group was available for 20 subjects. The composition of the mycobiome was different in PD patients and controls (Figure 1A). The most dominant genus in PD and control samples was Saccharomyces. The alpha Shannon index of diversity was greater in PD samples than controls (Figure 1B). The Shannon diversity indices were not influenced by constipation or parkinsonism severity (data not shown).
Beta-diversity measures found a significant difference in the composition of the mycobiome of individuals with and without PD. NMDS plots of beta-diversity using Bray Curtis index (P=0.001; R2=0.15475) and unweighted UniFrac distance matrix (P=0.005; R2=0.07481) showed significant separation between PD and control samples (data not shown). 
Taxa differential analysis identified the following genera were more abundant in PD: Hanseniaspora, Kazachstania, uncultured Tremellaceae and Penicillium (Figure 1D). 

Integrated Analysis using MixOmics
[bookmark: _Hlk86339190]The DIABLO model produced a BER (balanced error rate) of <15%; BER was used to ascertain the quality of the fitting of the model: the low value highlights that significant discriminants were found to separate the samples into multiple regions. There were strong overall correlations between VOCs and fungi in PD and in controls (Figure 1C). As PD and control samples were processed separately, a batch effect is possible and storage differences may be relevant. The positive correlations between PD fungi and VOCs were the main focus of the outcome of this analysis. Torulaspora (OTU-314) (more abundant in PD) had a strong positive correlation (r=0.86) with two VOCs: 6,6-dimethyl-2-methylene-bicyclo[3.1.1]heptane and 2,6,6-trimethylbicyclo[3.1.1]hept-2-ene (β-pinene). There were negative correlations between VOCs and fungi in the control group. The one positive correlation was between indole and Saccharomyces.

DISCUSSION
[bookmark: _Hlk86337427]This is the first study to assess the faecal volatile metabolome and mycobiome in PD patients simultaneously, and in combination. The metabolic analysis revealed compounds with different abundance in PD patients and controls.  The mycobiome study showed differences at the genus and species level. These results suggest a distinct gut fungal profile and metabolic function in PD with potential pathogenic implications. 
6 VOCs were significantly different when PD samples were compared with both control groups: 1,3-ditert-butylbenzene and 2,6,6-trimethylbicyclo[3.1.1]hept-2-ene were associated with PD; 4 were associated with controls: of these, 3 were short chain fatty acids (SCFA) including butanoic acid. SCFA have a putative neuroprotective function and a relative deficiency has previously been reported in PD [17, 18]. Walker et al. demonstrated an inverse relationship between protein misfolding and aggregation and colonization with butanoic acid producing Enterobacteriaceae in C. elegans [19].
[bookmark: _Hlk86336866]1,3-ditert-butylbenzene was found in 97% of PD patients but only in 11.4% of primary controls (and none of the secondary controls). It has been reported in faeces with coeliac disease, saliva, and sample catheters [20, 21]. Tisch et al. identified butylated hydroxytoluene (IUPAC 2,6-ditert-butyl-4-methylphenol) in PD patients [22]: it is similar to 1,3-ditert-butylbenzene. The significance of 1,3-ditert-butylbenzene in PD is unknown and requires further investigation.
1-methyl-2-(1-methylethyl)-benzene was associated with PD samples. Tisch et al. reported 1-methyl-2-(1-methylethyl)-benzene in association with Alzheimer’s and 1-methyl-3-(1-methylethyl)benzene with PD [22]. These two VOCs are structurally similar and could be hard to distinguish using GCMS alone.
[bookmark: _Hlk86336787]γ-terpinene and α-terpinene are human xenobiotic metabolites, usually derived from aromatic dietary plants rather than fungi, although in our study they were associated with Torulaspora delbrueckii in PD. PD patients may have adjusted their diet to manage disease-related constipation, but this is speculative. These compounds are derivatives of terpentine which can have anticholinesterase activity [23, 24]. 
We considered it unlikely that the changes in VOCs are secondary to different temperature storage conditions as comparison with secondary controls showed similar key findings.
Hanseniaspora, Kazachstania, Penicillium and uncultured Tremellaceae were associated with PD samples. Saccharomyces was significantly associated with control samples. There is no literature to explain a protective association between Saccharomyces and PD. Integrated analysis found Torulaspora was associated with PD. Mihaila et al. identified Torulaspora delbrueckii [25] in the oral mucosae of patients with early PD . There was a positive correlation between the presence of Torulaspora and α-pinene and β-pinene. 
Only one study has evaluated the gut mycobiome in PD using fungal-specific internal transcribed spacer (ITS) amplicon sequencing, the authors did not combine the data with the metabolome changes[26]: the mycobiome composition was similar that in our study, although they found a significantly lower fungal to bacterial DNA ratio and genera did not significantly differ compared to controls. Whether these conflicting results may be explained by differences in study participants (particularly in control groups), methodological differences between studies or additional confounders that may affect the sensitive gut mycobiome (constipation, diet) is unclear. Both studies performed a cross-sectional evaluation of the mycobiome in PD populations with similar age and disease severity so further studies are warranted to evaluate any potential longitudinal changes in the mycobiome at different stages of the disease.      
[bookmark: _Hlk86328058][bookmark: _Hlk86337569][bookmark: _Hlk86339258]Ours was a pilot exploratory study and as such it had several limitations. No data on dietary habits, bacterial microbiome and additional comorbidities were available which could potentially have an impact on mycobiome and VOC composition. Similarly, controls were not matched by severity of constipation which may act as a confounder. Samples were extracted and analysed at different times: we acknowledge that results may have been influenced by a batch effect. The sample size was small which makes it difficult to make any generalizable conclusions. Although rDNA for fungi appeared to be associated with PD, it is possible that some DNA was arose from food; further work should investigate RNA, as a template instead of DNA, to determine whether these fungi are alive and not coming from participants’ diet. Whether external or colonizing pathogens, these taxa could potentially trigger or contribute to the cascade of pathogenic changes in the enteric mucosa of PD patients. Finally, while our study identified faecal metabolites that were significantly associated with PD, the scope of our study and its cross-sectional design do not establish the nature of these associations; further work is required to determine whether the named fungi synthesise the associated VOCs. Future studies should aim to replicate our results in greater samples whilst controlling for potential confounders and further investigate the causal relationship between identified VOCs and PD through in vivo and in vitro methods.
In this pragmatic, pilot study, there appear to be alterations in the faecal metabolome and mycobiome in patients with PD. More work is required to determine whether the changes are causal or associated with constipation, microbiome or dietary changes, and whether mycobiome composition changes at different disease stages in order to elucidate any potential pathogenic implications.
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FIGURE LEGEND
Figure 1. (A) Taxa summaries of PD and control groups at genus level. (B) Box plot showing gut mycobiome Shannon diversity of PD and healthy controls. (C) Heatmap illustrating identified correlations on multi-omics analysis. Correlation measured using Pearson’s correlation coefficient. (D) Bar chart comparing the normalized abundances of genera significantly associated with PD and control.


TABLE LEGEND
Table 1. Summary of volatile organic compounds with significantly difference abundance in Parkinson’s disease and control groups. 
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