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Abstract

Background: Increasing evidence connects the gut microbiome to Parkinson’s disease (PD)
etiology, but little is known about microbial contributions to PD progression and its clinical
features.

Obijective: We aim to explore the association between the gut microbiome with PD, and the
microbial association with PD-specific clinical features.

Methods: In a community-based case-control study of 96 PD patients and 74 controls,
microbiome data were obtained from 16S rRNA gene sequencing of fecal samples, and analyzed
for microbial diversity, taxa abundance, and predicted functional pathways that differed in PD
patients and controls, and their association with PD-specific features (disease duration, motor
subtypes, L-DOPA daily dose, and motor function).

Results: PD patients’ gut microbiome showed lower species diversity (o= 0.04) and were
compositionally different (p= 0.002) compared to controls but had a higher abundance of
three phyla (Proteobacteria, Verrucomicrobiota, Actinobacteria) and five genera (Akkermansia,
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Enterococcus, Hungatella, and two Ruminococcaceae) controlling for sex, race, age, and
sequencing platform. Also, 35 Metacyc pathways were predicted to be differentially expressed
in PD patients including biosynthesis, compound degradation/utilization/assimilation, generation
of metabolites and energy, and glycan pathways. Additionally, the postural instability gait
dysfunction subtype was associated with three phyla and the NAD biosynthesis pathway. PD
duration was associated with the Synergistota phylum, six genera, and the aromatic compound
degradation pathways. Two genera were associated with motor function.

Conclusion: PD patients differed from controls in gut microbiome composition and its predicted
metagenome. Clinical features were also associated with bacterial taxa and altered metabolic
pathways of interest for PD progression.
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INTRODUCTION

Parkinson’s disease (PD) is a complex neurodegenerative disease characterized by
progressive motor impairment and non-motor features such as cognitive, mood, and
peripheral autonomic nervous system disorders, including gastrointestinal dysfunction [1].
The gut microbiome contributes not only to well-known digestive tract disorders common
in PD, but may also exert an influence on PD pathogenesis [2]. Gut symptoms, especially
constipation, often occur decades before PD diagnosis, and pathologic hall-marks of PD,
namely Lewy bodies and a-synuclein aggregation in the gut and enteric nervous system
have been found to precede brain pathology [3]. Thus, processes key in PD may be initiated
in the gut possibly followed by a prion-like spread of pathological a-synuclein to the

brain [4]. Such spread can be stopped when the vagus nerve is severed [5]. Further-more,
a-synuclein has biophysical characteristics of antimicrobial peptides and may be trafficked
from the gut to the central nervous system to confer immunity in advance of an infection [6].

Investigating the gut-brain connection for PD onset and progression is especially

important as during its long prodromal phase, preventative actions could stop or slow
neurodegeneration. PD specific gut microbes or their metabolites might present avenues for
finding early disease biomarkers and intervention strategies prior to motor symptom onset.

Here, we explore the gut microbiome diversity, bacterial abundance, and its predicted
metagenome in a community-based PD study in rural California comparing both community
and household-based controls to PD patients. In addition, we assessed gut microbiome
associations with phenotypic diversity of clinical features in PD cross-sectionally.

METHODS
Study population

The Parkinson’s, Environment and Gene (PEG) study is a population-based, case-control
study of PD in Kern, Tulare, and Fresno counties, California. Participants were recruited
in two waves: 2001-2007 (PEG1) and 2012-2017 (PEG2). At baseline, eligible PD cases
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were 1) newly diagnosed (within 3-5 years); 2) residing in California for at least 5 years;

3) confirmed by UCLA movement disorder specialist as “probable” or “possible” PD; 4)
without other neurological conditions or terminal illnesses; 5) consented to participation (for
details, see [7-9]). We recruited community controls in the same counties from randomly
selected residential addresses (tax assessor and Medicare lists). Since 2017, we asked
participants from both waves who could be re-contacted to participate in fecal sample
collection. We recruited two-types of controls: 1) Household members of the PD cases to
control for potential bias from shared environmental factors, and 2) Community members

to avoid overmatching on environmental exposures within households. All controls were
required not to have PD or any terminal illness and all participants were required to not

be immunocompromised or have taken antibiotics within the past 3 months. In total, 96

PD patients with 53 household controls, and 21 community controls were enrolled. This
study was approved by the UCLA Institutional Review Board. Informed written consent was
obtained from all participants.

Data and sample collection

Trained research staff collected data using standardized interviews including: 1)
demographic information such as sex, race/ethnicity, education; 2) medical histories
including family history of PD, other diseases and medications; 3) other standardized
instruments including Wexner Constipation Scoring System (Wexner), Geriatric Depression
Scale (GDS) and Diet History Questionnaire 11 (DHQ I1). Participants collected a fecal
sample at their homes using a Para-Pak® collection kit preserved in 96% ethanol and mailed
these to UCLA within 14 days of collection where samples were stored at —80°C in a freezer
until DNA extraction.

16S rRNA gene sequencing, rarefaction, and feature filtering

Bacterial DNA was extracted from fecal samples using the ZymoBIOMICS DNA kit with
bead beating. The V4 region of the 16S gene was amplified and underwent pair-ended 250 x
2 sequencing on Illumina HiSeq 2500 or MiSeq platforms. Raw data were processed using
the DADA2 pipeline (v1.22.0) where sequencing reads were quality-filtered, processed into
amplicon sequence variants (ASVs)—a classification method that corresponds to species
level, and assigned taxonomy by closed-reference picking against the Silva database [10].
The sequencing depths ranged from 6,054 to 135,162 with a mean depth of 53,235 + 20,454
per sample. ASVs were filtered in two steps, first by total abundance—ASVs were removed
if abundance was less than 50, then by prevalence—ASVs were removed if prevalence

was less than 10% in all samples (7,975,543/9,954,854 sequences remained after filtering).
ASVs were also rarefied to even depth without abundance and prevalence filtering to assess
alpha diversity, because the filtering step may exclude rare species and thus affects the
alpha diversity measure. Data processing steps were performed with the phyloseq package
(v1.34.0) and the workflow is shown in Supplementary Figure 1.

Metagenomic prediction

The metagenomic profile of the gut microbiome, i.e., the functional potential of the
bacterial community based on 16S rRNA marker sequencing data [11], was predicted with
PICRUST2 (v2.4.1). In conjunction with ASV abundance, these profiles reflect predicted
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gene content, i.e., metagenes, classified by enzyme commission (EC) number or KEGG
(Kyoto Encyclopedia of Genes and Genomes) Orthology (KO), and predicted functional
pathways, i.e., Metacyc or KEGG pathway profiles. Metagenes and pathways were removed
if the abundance was less than 100 in total, or the prevalence was less than 10% in all
samples (1,842/2,100 EC, 6,121/7,045 KO, 368/399 Metacyc, and 153/172 KEGG pathways
remained after filtering).

PD clinical features

PD patients were examined by UCLA movement disorder specialists and symptoms assessed
with the Unified Parkinson’s Disease Rating Scale (UPDRS) I-1V. Motor exams were
conducted preferably during a functional “off” medication status (i.e., =12 hours since last
PD medication); a correction factor, i.e., the mean difference of UPDRS Il score between
“on” and “off” scores in all patients, was added if a patient was “on” medication (N =

17). Missing items due to disability unrelated to PD (e.g., “arise from chair”) were imputed
using the mean score of this item from all participants. We calculated the summary score
for UPDRS Il as an indicator of motor function, and further classified the patients into
predominant motor subtypes including Postural Instability and Gait Dysfunction (PIGD),
Tremor Dominant (TD), or Indeterminate (IND), as previously described [12]. Daily L-
DOPA dose and other PD-related medications were collected on the exam day.

Statistical analysis

The microbiome was assessed for alpha diversity (Shannon index), beta diversity (Bray-
Curtis dissimilarity), and taxa abundance comparing PD patients with community or
household controls. The mean difference of alpha diversity between these groups was
assessed using the Wilcoxon test statistic, while group-based beta diversity differences

were tested with permutation multivariate analysis of variance (PERMANOVA). Differences
in taxa abundance associated with PD status were assessed using DESeq2, an empirical
Bayesian approach that shrinks dispersion and fits non-rarified count data to a negative
binomial model [13]. We excluded taxa with less than 20% prevalence in either group

(PD cases or controls) and adjusted all regression models for race, sex, age, and

sequencing platform at a minimum, adding covariates during sensitivity analyses (see
below). Additional factors we explored initially but did not enter into final models include
smoking status, education, Wexner, GDS, and dietary factors from the DHQII. These factors
did not change reported results more than minimally and this approach avoids sparse data
issues. We used Benjamini-Hochberg (BH) corrections to control for false discovery rate
(FDR).

Similarly, we explored associations between predicted metagenomic data and PD using
the Wilcoxon test to assess differences in gene richness (i.e., alpha diversity of predicted
bacterial functional genes), the PERMANOVA test to assess differences in beta diversity
(Bray-Curtis dissimilarity of the gene count), and regression modeling to assess the
differential abundance of Metacyc and KEGG pathways by PD status, controlling for the
minimum covariate set. The analyses described above were performed with SAS 9.4 and R
(v4.0.0).
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Restricting to PD patients, we compared alpha and beta diversity, abundance of taxa and
predicted metagenome by disease duration (years since diagnosis), predominant motor
subtype (PIGD vs. others), motor scores (UPDRS I11), and L-Dopa daily dosage at the

time of fecal sampling adjusting for our minimum confounder set and using BH corrections
to control for FDR.

Sensitivity analyses

RESULTS

First, we conducted sensitivity analyses to assess additional confounding by repeating
analyses after adding constipation data into regression models. Second, we restricted
analyses to PD cases and paired household controls (as matched sets) only. For differential
taxa abundance, we modelled associations with mixed effects regression for case-control
pairs, including pair indicators as random effects and confounders (race, sex, age, and
sequencing platform) as fixed effects. Finally, as there is no one definitive method/package
for microbiome analyses, and different methods may produce differences in results, it is
recommended to use more than one differential abundance assessment method and check
findings for consistency[14]. Therefore, we repeated the analysis using the R package
MaAsLin2 (v1.7.3) to test for robustness of our results for differential taxa abundance.

Study population and microbiome profiles

The demographics of 170 participants (56% PD patients) who completed the study interview
and provided a fecal sample are shown in Table 1. Participants were on average 72 years old,
52% males and 80% white. More PD patients than controls were men (67% vs. 34%), and
patients were on average slightly older (73 years vs. 70 years).

Microbiome profiles

We identified 252 ASVs (corresponding to species), 105 genera, and 8 phyla from

low abundance-filtered sequences based on 16S rRNA gene sequencing. The predicted
metagenome included 1,842 ECs (corresponding to 368 Metacyc pathways) and 6,121 KOs
(corresponding to 153 KEGG pathways) after low abundance/prevalence filtering. Microbial
composition is shown in Supplementary Figures 2 and 3.

Microbiome associated with PD

Compared to controls, PD patients had a lower mean Shannon index (p = 0.04, Fig. 1A),
and a different microbial profile based on the Bray-Curtis dissimilarity (o= 0.002, Fig.
1B). These differences in alpha and beta diversity remained when we restricted to PD

cases and paired household controls (Shannon index: p = 0.0036, Bray-Curtis dissimilarity:
p=0.01, Supplementary Figure 4). At the phylum level, PD patients exhibited higher
abundances of Proteobacteria, Verrucomicrobiota, and Actinobacteriota (Table 2). At the
genus level, PD patients showed increased abundance of UBA1819 (Ruminococcaceae),
DTU089 (Ruminococcaceae), Akkermansia, Enterococcus, and Hungatella. Controlling for
constipation removed associations with the Actinobacteriota phylum and the DTU089 genus
(Ruminococcaceae). In PD-household control pair only analyses, higher abundance of the
Akkermansia genus and Verrucomicrobiota phylum remained statistically significantly for
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PD patients, whereas other taxa differences were attenuated and no longer statistically
significant. Additional evaluation of the change in estimates by removing the community
controls (N = 21) yielded similar results with Verrucomicrobiota, Proteobacteria,
Akkermansia, and UBA1819remaining statistically significantly different (Supplementary
Table 1). Analyses based on the MaAsLin2 package were very similar except that
Actinobacteriota and Enterococcus were no longer identified as differentially abundant (see
also Table 2).

Predicted functional pathways associated with PD

Microbiome

PD patients exhibited higher EC bacterial gene diversity according to the Shannon index (o
=0.0012, Fig. 2), but no significant difference in the Bray-Curtis dissimilarity (o= 0.391,
data not shown). We found 26 Metacyc pathways to be more abundant in PD patients and

9 pathways in controls belonging to 4 top-level superclasses: Biosynthesis, Degradation/
Utilization/Assimilation, Generation of Precursor Metabolite and Energy, and Glycan
Pathways (see Table 3 and Supplementary Figure 5). When controlling for constipation,
most predicted pathways (26 Metacyc, 4 KEGG) remained statistically significant while in
PD-household control pair only analyses, only 13 Metacyc pathways remained. Additional
evaluation of the change in estimates by removing the community controls (N = 21)
yielded similar results with the majority of pathways remaining statistically different
(Supplementary Table 2). Using the MaAsLin2 package, results were consistent with those
presented, albeit slightly attenuated. Results related to KOs and KEGG pathways are shown
in Supplementary Tables 3 and 4 and Supplementary Figure 6.

profile and predicted metagenome associated with clinical PD-characteristics

Clinical characteristics of the 93 PD patients are shown in Table 1. Alpha and beta diversity
were not associated with PD duration, L-DOPA dose, PD subtypes, or UPDRS 111 score
(data not shown). No specific taxa were found to be associated with patients” L-DOPA
doses. The Verrucomicrobiota phylum was more abundant among PD patients with a

PIGD motor subtype, while the Synergistota and Proteobacteria phyla were characteristic

of PD patients exhibiting other motor subtypes. Longer PD duration was associated with
decreased levels of the Synergistota phylum and significant shifts in six genera: increased
levels of Fournierella, DTUO89, and Haemophilus, and decreased levels of Pseudomonas,
Lactobacillus, and Roseburia. Several Metacyc pathways involved with degradation of
gallate, methygallate, catechol and toluene were also decreased in patient with longer PD
duration. Additionally, two genera were associated with higher UPDRS 111 scores: increased
level of Lachnospiraceac NK4B4_group and decreased level of Senegalimassilia (See Table
4).

DISCUSSION

Over the past decade, almost two dozen studies reported changes in gut microbiota with PD,
but few investigated more than 100 patients [15-18]; only six studies recruited household
members as controls. Also, findings vary considerably, likely due to small samples sizes,
differences in sample collection and storage method, sequencing platforms and analytical
protocols employed. The results we present, thus, improve our understanding of the bacterial
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diversity and taxonomic composition of the gut microbiome in PD and, importantly, we
compare patients to both household and community controls. Our study also addresses a
knowledge gap on bacterial genera and phyla associated with PD-specific characteristics.
Finally, we predicted functional pathways that suggest the involvement of important
processes such as the glycan pathways and the generation of cell energy in PD.

Our PD patients generally exhibited a reduced alpha diversity, i.e., less richness and
evenness of their gut microbiome profiles compared to household and community controls
combined. This is in agreement with two previous studies [19, 20], but counter to studies
reporting increased alpha diversity in PD patients [16, 21], or no differences [17, 22, 23].
We also detected a beta-diversity difference (Bray-Curtis dissimilarities) in the microbiome
composition of PD patients, which is consistent with most published studies [15-18].

Beyond these measures of global diversity differences in the microbiome, we also found taxa
level differences in bacterial abundance generally confirming previous findings. Specifically,
we identified three phyla and five genera as more abundant in our PD patients.

Increases in the Verrucomicrobia phylum we identified were driven by the Akkermansia
genus, consistent with previous findings [15, 24, 25]. Akkermansia, specifically
Akkermansia muciniphila, has gotten attention as a species beneficial to gastrointestinal
health and, possibly, a marker of healthy aging [26]. A. muciniphila are mucin-degrading
bacteria that can produce short-chain fatty acids (SCFAS), including acetate and propionate,
playing a role in maintaining epithelial integrity and regulating immune system and anti-
inflammatory responses [27]. Decreased levels of Akkermansia and SCFAs in the gut have
been associated with chronic disease conditions (e.g., ulcerative colitis) by affecting the
integrity or thickness of the mucus layer and thereby the abundance of A. muciniphila[28].

Thus, finding Akkermansiain PD patients to be more abundant seems paradoxical and
requires further investigation, especially as this result has now been replicated multiple
times. Enrichment of Akkermansia may result from constipation, a common symptom in

PD. Animal studies found proliferation of Akkermansiain unbalanced microbiota, where

its mucin-degrading feature depletes the intestinal mucus layer, decreases the number of
goblet cells, and causes drier stool [29]. It is also possibly a host response specific to PD,
i.e., the gut microbiome reacting to an evolving gut and brain pathology. This bacterium

not only degrades mucin but also stimulates mucin production and closely interacts with the
host immune system, i.e., Akkermansia induces adaptive immune responses in a homeostatic
environment [30]. On the other hand, animal models suggest that the microbiota transplanted
from human PD patients into susceptible mouse strains induce PD-like motor dysfunction
such as deficits in beam traversal and pole descent tasks, which would support a more
causative role for these bacteria [31]. This is in line with our observation of higher
Verrucomicrobia abundance in PD patients with PIGD motor subtype. PIGD is a more
aggressive phenotype of PD with a highly disabling gait disorder and is believed to be
indicative of rapid motor and cognitive deterioration [32]. With the supporting evidence
from animal models, it is possible that the clinical presentation of PIGD can be explained

by the contribution of gut microbes such as Verrucomicrobia Akkermansia. 1t is worth
noting that several A. muciniphila strains with distinct metabolic and functional features
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may colonize the same environment [33]. In our study, the majority (83%) of Akkermansia
belongs to the A. muciniphila species, yet due to the limitations of short-read 16S rRNA
gene sequencing, we cannot distinguish between specific strains of A. muciniphila.

We also found higher abundance of the phyla Proteobacteria and Actinobacteriota in PD
patients compared with all controls but not in analyses restricted to household members.
Increased level of Proteobacteria in the gut has been associated with dysbiosis. Its role is
widely studied in various diseases, including PD, because of its potential immunoregulation
ability via the production of lipopolysaccharides (LPS). Gram-negative bacteria are the
main source of LPS in humans and are well tolerated in the gut of healthy individuals.

In conditions of inflammation, the integrity of the epithelial cells is compromised (also
known as the “leaky gut”) and LPS enter the intestinal wall and interact with immune cells
triggering the local innate and adaptive immune system [34]. Furthermore, an LPS-triggered
immune process can affect the central nervous system via the gut-brain axis, activating
microglia and leading to death of dopaminergic neurons [35, 36]. It is worth noting that LPS
produced by different bacteria can vary in molecular structure, and not all are considered
harmful. Proteobacteria came into focus in PD because there are several highly toxic
opportunistic pathogens amongst them such as Escherichia coli, Salmonella, and Vibrio
[37, 38]. Only one other study reported higher abundances of Actinobacteria in PD [39].
We speculate that gut inflammation in PD patients creates an oxidative state and is likely to
promote colonization of aerotolerant taxa such as Actinobacteria compare to other strictly
anaerobic taxa [40]. In our study, however, the differences were sensitive to adjustment for
constipation, suggesting that future studies should also take this factor into account.

At a higher taxonomic resolution, we identified four other genera as more abundant in

PD patients: UBA1819, DTUO089, Hungatella, and Enterococcus. UBA1819and DTUO8Y,
although less often reported in the PD literature, belong to the Ruminococcaceae family
that is responsible for the production of the SCFA butyrate considered beneficial to gut
epithelial integrity and immunoregulation [41]. However, it is important to note that these
differences disappeared in household control pair-matched analyses suggesting that they
may reflect characteristics of the PD household rather than being disease influencing
features. Associations between Hungatellaand PD have been previously reported, but results
are not entirely consistent [42, 43]. Enterococcus, as well as the Enterococcaceae family,
have been positively associated with PD [22, 44]. However, whether and how these specific
genera are related to PD pathogenesis remains elusive.

Among PD patients with longer disease duration, an increase in the genera Fournierella and
DTU089 (Ruminococcaceae family) and decrease in Roseburia (Lachnospiraceae family) is
consistent with previous reports [15, 16]. We also observed a negative association between
the abundance of Lactobacillus and PD duration. Lactobacillus are gut bacteria for which
abundance has been associated with several human diseases [45]; however, no consensus
about its influence on human health has been reached possibly due to strain and species-
specific functional variation. Pseudomonas was decreased in patients with longer disease
duration possibly related to reduced aromatic compound degradation pathways attributed to
strains/species of Pseudomonas. In addition, we found two genera differentially abundant
dependent on UPDRS 111 scores; however, the increase of Lachnospiraceae genera in
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patients with higher UPDRS 11 score is counter to previous reports [15, 22], and the
decreased abundance of Senegalimassilia was novel and needs further investigation.

Medication has been suggested to alter the gut microbiome and gut microbes may affect
the efficacy of medications [46]. Two studies reported a differential abundance of certain
taxa associated with PD medication [21, 47]. However, we did not observe any association
between microbial profile and L-DOPA medication doses in PD patients.

Based on predicted metagenomic data, we identified several pathways distinguishing PD
patients from controls, and most remained statistically significant in sensitivity analyses
adjusting for constipation, but not when we used a pair-matched approach that restricted
comparisons to PD-household control sets (N = 100, Table 3). While this might partially
reflect the reduction in statistical power, it may also suggest that it is important to
distinguish disease related from household-related influences on the microbiome in PD.
Several predicted functional shifts are consistent with the idea that the microbiota are

a source of metabolites influencing PD pathogenesis or are showing metabolic shifts
consistent with a response to host metabolic shifts in PD. For example, a higher abundance
of the norspermidine biosynthesis pathway was predicted for the microbiome of our

PD patients. Norspermidine is a polyamine (PA) and alterations of its metabolism have
been implicated in neuronal degeneration, specifically, acceleration of the aggregation

of pathologic a-synuclein [48]. We previously reported that N8-Acetylspermidine in PD
patient serum was positively associated with faster progression [49]. Whether this or

any other PA of microbial-origin interact with a.-synuclein in the gut requires further
investigation. We also predicted increased allantoin degradation in PD patients; this is
consistent with the detection of lower levels of blood uric acid/urate in PD patients [50]. As
allantoin is a major oxidative product of uric acid, this may indicate higher oxidative stress
in PD [51]. Higher abundances of several manaquinol biosynthesis super-pathways in PD
patients were predicted, which is consistent with a gut microbiome meta-analysis in PD [42].
Menaquinol is used as an electron donor by nitric oxide (NO) reductases to reduce two NO
molecules to nitrous oxide (N20). This may lead to a reduction of nitrative/oxidative stress
that damages neurons. We and others have previously shown that nitric oxide synthase gene
variants that possibly affect NO balance increase PD risk [50].

Our study, while relatively small, is one of the largest microbiome PD studies in the

US. We conducted the study in a rural setting and enrolled patients from the community.
The comprehensive data on demographics, medical history, and lifestyle factors allowed
for comprehensive confounder assessment, foremost constipation. A strength is our
investigation of gut microbiome composition according to clinical features and having two
types of controls helped us control for shared household environments that may shape the
gut microbiome. Our study has some limitations related to size as it limits confounder
control and statistical power for subgroup analyses or identifying less prevalent microbial
taxa. Second, the fecal samples were collected at a single time point, which does not
allow us to establish temporality or causality, similar to the majority of previous studies.
Third, the limited species-level resolution of our sequencing and annotation pipeline may
have affected the interpretation of our results. However, this limitation of 16S rRNA-based
microbiome studies will only be overcome as the resolution and size of the databases
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increase, and as sequencing technologies (e.g., full-length sequencing, shotgun sequencing)
improve and become more affordable. Lastly, the metagenomic pathways were based on
predicted metagenomic data using existing reference genomes and may not reflect the actual
metagenome.

In conclusion, we found that PD patients have lower microbiota diversity and that microbial
composition differed in three phyla and five genera resulting in some interesting pathways
predicted to be different. Additionally, these differences extended to disease duration, motor
subtypes and motor function scores. We are confirming some previous findings and added
novel insights into what may drive some differences (constipation) and potential microbiome
differences by PD subtype and duration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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test: p=0.002). PD, Parkinson’s disease; PERMANOVA, Permutation multivariate analysis

of variance.

J Parkinsons Dis. Author manuscript; available in PMC 2023 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Zhang et al.

Page 15
Predicted Metagene (EC) Richness
Shannon
. ' 00012 &
o
PD Status

»
»
-

»
H
"

Controls PD Cases

Metagenome (EC) Richness — Shannon Diveristy

Fig. 2.

Comparison of alpha diversity of predicted metagenome (EC): Shannon index (p =
0.0012). PD, Parkinson’s disease; EC, enzyme commission; PERMANOVA, Permutation
multivariate analysis of variance.
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