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Effect of Parkinson’s disease and related medications on the
composition of the fecal bacterial microbiota
Severin Weis1, Andreas Schwiertz2, Marcus M. Unger 3, Anouck Becker3, Klaus Faßbender3, Stefan Ratering4, Matthias Kohl 5,
Sylvia Schnell4, Karl-Herbert Schäfer6 and Markus Egert 1*

Parkinson’s disease (PD) is one of the most common neurodegenerative disorders. PD patients suffer from gastrointestinal
dysfunctions and alterations of the autonomous nervous system, especially its part in the gut wall, i.e., the enteric nervous system
(ENS). Such alterations and functional gastrointestinal deficits often occur years before the classical clinical symptoms of PD appear.
Until now, only little is known about PD-associated changes in gut microbiota composition and their potential implication in PD
development. In order to increase knowledge in this field, fecal samples of 34 PD patients and 25 healthy, age-matched control
persons were investigated. Here, the V4 and V5 hypervariable region of bacterial 16S rRNA genes was PCR-amplified and sequenced
using an Ion Torrent PGM platform. Within the PD group, we observed a relative decrease in bacterial taxa which are linked to
health-promoting, anti-inflammatory, neuroprotective or other beneficial effects on the epithelial barrier, such as Faecalibacterium
and Fusicatenibacter. Both taxa were lowered in PD patients with elevated levels of the fecal inflammation marker calprotectin. In
addition, we observed an increase in shares of the Clostridiales family XI and their affiliated members in these samples. Finally, we
found that the relative abundances of the bacterial genera Peptoniphilus, Finegoldia, Faecalibacterium Fusicatenibacter,
Anaerococcus, Bifidobacterium, Enterococcus, and Ruminococcus were significantly influenced by medication with L-dopa and
entacapone, respectively. Our data confirm previously reported effects of COMT inhibitors on the fecal microbiota of PD patients
and suggest a possible effect of L-dopa medication on the relative abundance of several bacterial genera.
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INTRODUCTION
Parkinson’s disease (PD) is one of the most common neurode-
generative disorders. So far, there is no causal treatment for PD
that is able to halt the neurodegenerative process.1 Besides motor
and cognitive symptoms, most PD patients suffer from gastro-
intestinal (GI) symptoms, such as constipation or prolonged
intestinal transit time.2–5 These symptoms can occur several years
ahead of classical motor symptoms, which gives rise to the
hypothesis that the enteric nervous system (ENS) becomes
compromised before the central nervous system.6–8 These
observations support the hypothesis that PD may begin in the
GI tract.9

The ENS is a complex of several networks of neurons, glial cells,
and interconnecting fibers within the mammal GI tract. The ENS
communicates with the brain bidirectionally via the vagus nerve
as the hard-wired section of the so called brain-gut axis.10

Experimental data suggest that neurons and fibers from the ENS
and vagus nerve provide a neuronal chain, that allow pathological
peptides to travel between the gut and the brain in a prion-like
way and modulate the course of neurological diseases.11–13

Recent studies indicate, that the pathological process of PD
alongside the gut-brain-axis might be modulated or even initiated
by the gut microbiota.14,15 Indicators are fecal markers of gut
inflammation and permeability, which are increased in PD.16

Furthermore, bacterial metabolites, which may have an influence
on the ENS, differ between PD patients and healthy controls.16,17

Clearly, the cause-effect relationship between the intestinal
microbiota composition and its metabolic capacity on the one

hand and PD pathogenesis on the other hand are still obscure.
Constipation and reduced gut motility in PD may be important
triggers to alter the microbiota composition.18,19

In addition, previous studies also suggested that some PD
medication may alter the microbiota composition.20–22 L-dopa (L-
3,4-Dihydroxyphenylalanine, levodopa) application targets the
striatal dopamine deficiency in PD patients and may stimulate
the dopamine transporter on the terminal nerve.23,24 Long term
therapy with L-dopa is known to induce side effects like increased
inflammation and oxidative stress.23 Catechol-O-
methyltransferases (COMT) are able to methylate L-dopa render-
ing it ineffective.25,26 COMT are able to methylate a wide range of
catechols and thereby eliminate biologically active or toxic
molecules27 including L-dopa.25,26,28 Entacapone is a COMT
inhibitor28 preventing the degradation and increasing the plasma
availability of L-dopa.28,29 To the best of our knowledge, it is still
unknown in which mechanistic way these drugs may alter gut
microbiota composition and/or functionality.
Increasing evidence indicates a difference in fecal microbiota

composition between PD and healthy controls, irrespective of the
applied method.17,22,30–32 The methods used so far were
quantitative real-time PCR (qPCR) to detect highly abundant
bacterial taxa,17 pyrosequencing of the V4 variable region of the
16S rRNA gene14 and Illumina MiSeq sequencing of the V1 and V2
region32 or V4 region.22 Other studies addressed the microbial and
viral gut metagenome in the early stage of PD33 in L-dopa naïve
patients with shotgun sequencing methods.34 Correlations
between a medication with entacapone and the (relative)
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abundances of distinct bacterial taxa were previously
reported,17,22,30 suggesting PD medication as an important
influencing factor for the PD microbiota. However, to the best of
our knowledge no study reported medication with L-dopa as an
influencing factor so far.
In this study, we used next generation sequencing to screen for

difference in fecal microbiota composition between PD patients
and matched controls. We analyzed the same set of samples
previously detailed by Unger et al.,17 albeit with Ion Torrent-based
next generation sequencing of the V4 and V5 region of the
bacterial 16S rRNA gene instead of qPCR. While qPCR is suitable

for the quantitative determination of distinct bacterial taxa, it is
also limited to known sequence types. We believe that monitoring
differences in fecal microbiota composition in PD patients
compared to suitable controls is a first step to elucidate whether
the gut microbiota might play any functional role in PD
pathogenesis. Clearly, such differences might also depend on
factors such as the type of PD medication. In the long run,
microorganisms which differ significantly between healthy per-
sons and PD patients (independent on factors such as medication)
might play an indicative role in early PD diagnosis. This may
increase our knowledge on the aetiopathogenesis of PD.

RESULTS
Sequencing and bioinformatics
Four combined sequencing datasets yielded 11,752,187 partial
bacterial 16S rRNA gene sequences with a mean of
199,190 sequences per sample (min: 70,225; max:
394,784 sequences). Following exclusion of sequences that were
present in less than 10% of all samples, 12,935 OTUs affiliated with
192 genera, 55 families, 28 orders, 17 classes, and 8 phyla were
identified.
Searching for interdependencies among the sample attributes,

CramérV contingency coefficients did not show strong association
(cV > 0.7)35 and no significant Χ² p-values were detected between
most of the sample attributes. Only, L-dopa medication showed a
significance in the Χ²-test (p= 0.048) and a medium strong
association with the Hoehn–Yahr stage (cV= 0.53). According to
the Spearman-Ρ, the Hoehn–Yahr stage was significantly positively
correlated with disease duration (p= 0.0016; Ρ= 0.5183). The
numbers of samples per investigated patient or control subgroup
are summarized in Table 1. Important metadata are detailed in the
Supplementary Table 1.

Structural diversity measures
Alpha diversity indices (Fig. 1a) revealed a significant decrease in
bacterial diversity in PD patients compared to the control (Ctrl)
regarding observed species (pObserved=0.032) and estimated
species (pChao1= 0.032). Shannon and Simpson metrics for alpha
diversity did not show significant differences between PD and
control (pShannon= 0.197, pSimpson= 0.197).
Non-parametric multivariate analysis of variance (ADONIS),

calculated for the beta diversity of PD microbiota and the control
microbiota (Fig. 1b + c), revealed that neither the weighted
(pweighted-UniFrac= 0.249) nor the unweighted (punweighted UniFrac=
0.226) UniFrac measure were significantly different between the
PD and the control group.

Differences in microbiota composition
One bacterial family and three genera were found to be
significantly different in relative abundance between PD and
controls (p < 0.05). The Clostridiales family XI and the genus
Peptoniphilus were observed at higher relative abundances in the
PD dataset. The genera Faecalibacterium and Fusicatenibacter
decreased relatively in PD (Table 2).
In the control group, the family Bifidobacteriaceae and the

genus Bifidobacterium were relatively increased within the female
controls in comparison to the male controls. In the PD group, no
taxon was found to be significantly different in relative abundance
between male and female patients. In the female samples, a
significant increase in the relative abundance of the Clostridiales
family XI and the genus Peptoniphilus was observed. Furthermore,
a decrease in abundance for Faecalibacterium in PD was observed.
Within the male samples with PD, the family of Bifidobacteriaceae
was significantly increased in relative abundance.

Table 1. Samples sizes in the investigated cohort.

PD Ctrl

Whole group 34 25

Sex

Male (m) 23 11

Female (f ) 11 14

Smoker

Yes 2 7

No 32 18

Appendectomy

Yes 15 NA

No 19 NA

Family history for neurodegenerative disorders

Yes 8 NA

No 26 NA

Phenotype

Tremor dominant (T) 6 –

Hypokinetic-rigid (HR) 15 –

Equivalent (E) 13 –

Hoehn-Yahr Stage

1–2.5 18 –

3–4 16 –

Calprotectin

Positive 14 3

Negative 20 22

Constipation

Yes 7 2

No 27 23

Other GI symptoms

Yes 8 -

No 26 25

Entacapone treatment

Yes 11 –

No 23 25

L-dopa treatment

Yes 24 –

No 10 25

Shown are the sample sizes in the examined sub-groups. Sex is divided
into female (f ) and male (m), family history indicates whether there was a
family history for neurodegenerative disorders or not, and phenotype was
defined as hypokinetic-rigid (HR), tremor dominant (T), and equivalent (E).
Calprotectin was regarded as positive, when concentrations exceeded
50 µg/g. Constipation was defined as less than three bowel movements a
week or bowel movements that were hard, dry, small, painful or difficult to
pass. Other GI symptoms were pyrosis (n= 5), intermittent abdominal pain
(n= 1), flatulence (n= 1), and occasional nausea (n= 1)
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PD patients with elevated levels of fecal calprotectin16,17

showed a significant increase in the relative abundance of the
Clostridiales family XI, the genera Peptoniphilus and Finegoldia, and
significantly decreased relative abundances for Faecalibacterium
and Fusicatenibacter when compared to calprotectin negative
controls. PD patients with normal calprotectin levels showed an
increased relative abundance of Peptoniphilus in comparison to
controls. In addition, there was an increase in relative abundance
for Faecalibacterium and decreased relative abundance for the
genus Streptococcus and the family Streptococcaceae when
compared to calprotectin positive PD patients.
PD patients treated with L-dopa showed significantly higher

relative abundances of Enterococcaceae, Clostridiales family XI, and
the genera Peptoniphilus and Finegoldia, while Faecalibacterium
and the Ruminococcus gauvreauii group were significantly
decreased when compared to the controls. However, there were
no significant differences on genus or family levels between PD
patients who were not treated with L-dopa and the control group
or the PD patients treated with L-dopa.
PD patients treated with entacapone showed significantly

higher relative abundances of the families Enterococcaceae,
Bifidobacteriaceae, and the Clostridiales family XI, as well as of
the genera Peptoniphilus, Anaerococcus, the Eubacterium brachy
group, Sellimonas, Bifidobacterium, and Enterococcus, when com-
pared to the controls. However, the Ruminococcus gauvreauii
group and the genus Faecalibacterium were significantly
decreased in this relation.

PD patients with a hypokinetic-rigid (HR) phenotype showed a
significantly increased relative abundance of Peptoniphilus and
decreased relative abundance of Faecalibacterium compared to
the control group, while PD patients with a tremor dominant (T)
phenotype showed a significant decrease in the relative
abundance of the Ruminococcaceae family.
Finally, PD patients were grouped according to their

Hoehn–Yahr (HY) stage. The first group contained all patients
with a HY stage of 1 to 2.5, and the second all patients with a HY
stage of 3 to 4. PD patients of the first group show a significantly
increased relative abundance of Peptoniphilus and Faecalibacter-
ium when compared to the control group. PD patients of the
second group only showed a significant increase in the relative
abundance of Peptoniphilus. When comparing the two groups of
PD patients to each other, no significant difference were observed.

Functional diversity measures
In contrast to the alpha diversity indices calculated for the relative
abundances of bacterial genera, alpha diversity measures of
predicted pathway abundances using PICRUSt revealed a sig-
nificant increase in alpha diversity in PD patients compared to the
control regarding observed (pObserved= 0.0435) and estimated
(pChao1= 0.0496) metrics. Shannon and Simpson metrics did not
show significant differences between PD and the control group.
PD patients treated with entacapone also showed a significantly

higher diversity of predicted pathways according to observed
(pObserved= 0.0435) and estimated (pChao1= 0.0496) metrics when
compared to the control group. When compared to patients that

Fig. 1 Alpha and beta diversity plots to visualize the difference in microbiota structure between PD and control group. Shown are alpha
diversity measures with the most common indices (a) and PCoA plots showing the beta diversity with unweighted (b) and weighted (c)
UniFrac measures. Blue: PD samples, orange: controls. Box plots (a) show median, as well as lower and upper quartiles. Each dot represents an
individual sample. Whiskers represent minimum and maximum spread. PCoA plots show dimensions with the highest differences, and normal
confidence ellipsoids for the sample sets.
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were not treated with entacapone, the diversity of predicted
pathways was significantly higher in patients that were treated
with entacapone according to observed (pObserved= 0.0351) and
Simpson (pSimpson= 0.0315) metrics.
PD patients treated with L-dopa showed a borderline sig-

nificance (pObserved= 0.05) for the abundance of predicted path-
ways when compared to the control group. PD patients with a
Hoehn–Yahr stage of three to four showed a significant increased
alpha diversity (pObserved= 0.0344) for the abundance of predicted
pathways when compared to the control group.
Bray–Curtis analyses, calculated for beta diversity of the

predicted pathways, revealed a significant difference between
the PD patients treated with entacapone when compared to the
controls and patients that were not treated with entacapone.
Calculated p-values for the alpha and beta diversity of predicted
pathways are detailed in the Supplementary Table 2. Pathways
differing significantly between PD and controls and under L-dopa
or entacapone treatment are displayed in the Supplementary
Tables 3–5.

DISCUSSION
Besides classical motor symptoms, PD patients frequently show
gastrointestinal dysfunctions including impaired gastric emptying,
constipation, and defecatory dysfunction.36 In addition, it is
discussed that constipation in PD might partly be dependent on
changes of the intestinal microbiota composition and their
metabolic products.37 The gut microbiota is influenced by diet,
medication, the immune system, intestinal transit time, and other
factors. Clearly, a basic understanding of compositional changes is
needed to better understand, how the gut microbiota might
influence onset and progression of PD, or is in turn influenced by
the disease itself. Another point of interest is to understand how
medication and severity of the illness impact the gut microbiota.
Only a few publications addressed such changes of the intestinal
microbiota in PD patients, applying different methods such as
qPCR,17 pyrosequencing,14,30 and Illumina MiSeq sequencing of
different regions of the 16S rRNA gene.22,32

Our data indicate a significantly decreased richness of the
microbiota (observed and chao1) (Fig. 1a). This is in contrast with
former studies, where no significant differences in microbial
diversity measures between PD and controls were reported.30,32

However, in agreement with Hopfner and collegaues32 but in
contrast to Scheperjans and colleagues,30 the beta diversity
measures did not show significant difference between PD and
control samples for the unweighted and weighted unifrac metric
(Fig. 1b+c). This hints to a very similar composition of the bacterial
microbiota of PD patients and the healthy control group.
Therefore, our expectation was to find significant differences in
relative abundance only for a few bacterial taxa.
Calprotecin is a fecal marker for inflammation and has been

shown to be elevated in PD patients compared to control
persons.16 In our study, the genera Peptoniphilus and Finegoldia
showed a relative increase in abundance within the group of
calprotectin positive PD patients. Both genera were reported as
opportunistic pathogens and being affiliated with polymicrobial
infections and inflammation.38–40 In contrast, the genera Faeca-
libacterium and Fusicatenibacter showed a relative decrease in
abundance in the group of calprotectin positive PD patients.
Faecalibacterium has been reported as anti-inflammatory and
health promoting, while the administration of Fusicatenibacter was
reported to improve murine colitis. Both genera were reported to
be decreased in inflammatory bowel disease and ulcerative
colitis.41–45 A link between intestinal inflammation as environ-
mental factor and PD was previously reported.16,46 To the best of
our knowledge, an association between calprotectin and the gut
microbiota in PD has not been reported yet. Since none of the
subjects reported a history of acute or chronic gastrointestinal

disorders, the increase of the inflammation marker calprotectin
might be an indicator of changes within the intestinal microbiota
in PD that is associated with an asymptomatic, low-grade
inflammation.
L-dopa represents the most potent dopamine replacement

agent to treat PD.47 However, gut microorganisms are able to
degrade L-dopa even in the presence of decarboxylase inhibitors,
thereby reducing its effectiveness.20,48,49 We found Peptoniphilus
and Finegoldia to be relatively increased in PD patients treated
with L-dopa, but not in PD patients that were treated with other
dopaminergic drugs. Both genera are capable of peptone and
amino acid fermentation50,51 and might therefore play a role in
the degradation of L-dopa. Previous studies found a borderline
significant influence of L-dopa on the total gut microbiome or
discussed the treatment with L-dopa as a possible influencing
factor.14,22,32 Furthermore, a recent study showed the important
role of microbial metabolism in drug availability and degradation
in the gut.20 However, as far as we know, no study specifically
addressed changes in microbial community composition in PD
related to L-dopa medication in detail. Since several bacteria are
capable of metabolizing this drug, further investigations might
directly target bacteria involved in this degradation process.
Entacapone is the most frequently used COMT inhibitor and has

been shown to enhance the potency of L-dopa.52 When compared
to the control group, patients treated with this drug showed the
highest number of families and genera differing significantly in
relative abundance. Only Peptoniphilus showed a difference in
relative abundance also for the group of PD patients that received
no entacapone treatment, when compared to the control. For
COMT inhibitors gastrointestinal side effect such as diarrhea have
been reported, which may lead to changes in gut microbiota
composition.52,53 Several studies reported a possible link of COMT
inhibitors to difference of abundance of some taxa.17,22,30

Especially an influence of entacapone on the abundance of
Faecalibacterium, Bifidobacterium, Lachnospiraceae, Blautia, and
Enterobacteriaceae were previously reported.17,22,30 Hill-Burns and
colleagues reported the associations with PD and PD medication
at OTU, genus, and family level to be robust.22 We were able to
confirm a previously reported influence of entacapone on the
relative abundances of Faecalibacterium and Bifidobacterium.17,22

In addition, we could show that Anaerococcus, the Eubacterium
brachy group, Sellimonas, and Enterococcus increased significantly
in relative abundance only in PD patients treated with
entacapone.
Faecalibacterium showed a relative reduction in abundance in

the PD samples compared to the controls, which corroborates
several previous studies.14,17,30 Notably, in the study by Unger and
colleagues,17 the identical set of samples was investigated, albeit
using qPCR. For Faecalibacterium, health promoting and anti-
inflammatory effects have been reported.43–45,54 The decreased
relative abundance of this genus in conjunction with entacapone
treatment, as seen in our study, is compatible with previously
published findings.14,17 The potential anti-inflammatory effect of
Faecalibacterium matches our observation of a significantly
decreased relative abundance in PD patients who showed
elevated levels of calprotectin, a fecal marker for gut inflamma-
tion, but not in those patients who showed normal values.
Faecalibacterium was also found to be reduced in relative
abundance in PD patients who were on L-dopa treatment, but
not in patients who were on other dopaminergic treatments.
Recent studies suggested L-dopa to induce inflammatory
responses.55 Hence, the influence of L-dopa on anti-
inflammatory bacterial genera like Faecalibacterium should be
examined in more detail. Given that Faecalibacterium is one of the
most important butyrate producers, with butyrate being the main
energy source of the intestinal epithelium, a decrease of this
genus might lead to lower butyrate levels17 and thus to an
impairment of the gastrointestinal mucus layer,56 rendering the
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enteric nervous system more susceptible to intraluminal patho-
gens and inflammation.
Peptoniphilus is affiliated with the Clostridiales family XI and was

significantly increased in relative abundance in PD patients. This
genus belongs to the normal gut microbiota of humans, as well as
the skin, mouth, and upper respiratory tract. Nevertheless, it has
been observed in the context of polymicrobial infections,
inflammation of the upper respiratory tract, septic arthritis, and
diabetes mellitus.39,40,57 The increase in relative abundance of
Peptoniphilus in PD patients seems to be independent of an
entacapone treatment and the inflammation marker calprotectin.
However, a significant increase in abundance was observed for
patients receiving L-dopa treatment, when compared to the
control group, but not for the patients with other dopaminergic
treatments. So far, changes in relative abundance of this genus
have not been reported before in PD.
Finegoldia is also affiliated with the Clostridiales family XI. Here,

its abundance was found to be relatively increased in PD patients
treated with L-dopa, but also in those with elevated calprotectin
levels. However, in accordance with previous studies, Finegoldia
was not significantly different in abundance when the control
group was just compared to all PD patients.14,17,22,30,32 The genus
contains a single described species, F. magna, an opportunistic
pathogen that can cause infections in immunocompromised
hosts.38 Members of this genus were also shown to be capable of
degrading defensive proteins provided by the host.58

Many members of the Clostridiales family XI are capable of
peptone and amino acid fermentation, including Peptoniphilus
and Finegoldia.50,51 It may be speculated that such organisms
benefit from an altered protein expression in the colon tissue. For
instance, alpha-synuclein has been shown to be pathologically
overexpressed in the colon tissue of mice with PD.59 In order to
valuate this hypothesis, further studies should address the
metabolic activity of these genera with respect to distinct proteins
and L-dopa, as well as their interactions with the colonic wall
and ENS.
Another member of the Clostridiales which was decreased

relatively in PD, is Fusicatenibacter. This genus has been shown to
be decreased in organ-specific autoimmune diseases and
inflammatory diseases like ulcerative colitis.42,60 Fusicatenibacter
was correlated to fecal secondary bile acids and its numbers
decreased under high cholesterol levels.61 For secondary bile
acids, there is evidence supporting a neuroprotective role in a
diverse spectrum of age-related neurodegenerative disorders,
including PD.62

The family Bifidobacteriaceae and the genus Bifidobacterium
were reported as significantly increased in abundance in PD.17,22

In our study, the family Bifidobacteriaceae did not show significant
differences in the direct comparison of all PD patients to controls.
However, its relative abundance was significantly higher in the
male PD group and the PD patients treated with entacapone.
Bifidobacteria are generally regarded as health promoting, as they
have stimulating effects on the immune system and confer
resistance to colonization by pathogens, which is the reason why
they are widely used for probiotic treatments.63

In contrast to Unger and colleagues17 and Hopfner and
colleagues,32 the family Enterococcaceae was not found to be
different in abundance for the overall comparison of control group
and PD. However, this family showed a significant increase in
relative abundance in PD patients treated with L-dopa or
entacapone. The affiliated genus Enterococcus (especially Enter-
ococcus faecalis) was reported to be able to induce irritable bowel
syndrome and possesses a variety of immune evasive und protein
degradation functionalities.64–66 Recently, Enterococcus faecalis
was also described to convert L-dopa to dopamine in the gut and
thus may contribute to its in vivo degradation.49

In conclusion, we were able to show that several bacterial
genera differed in relative abundance between PD and control

samples, in particular under the influence of drug treatments and
partly in co-occurrence with the fecal inflammation marker
calprotectin.
Within the PD group, we observed a decrease of bacterial taxa

presumed as being health-promoting, anti-inflammatory, neuro-
protective or having other beneficial effects on the epithelial
barrier, such as Faecalibacterium and Fusicatenibacter. Both genera
were decreased in PD patients with elevated calprotectin levels. In
addition, we observed an increase in shares of the Clostridiales
family XI and their affiliated members Peptoniphilus and Finegoldia,
which have been suspected as being opportunistic pathogens in
immune compromised hosts. Furthermore, our study confirms the
previously reported possible link of COMT inhibitors, like
entacapone, with differences in abundance of various microbial
taxa. Finally, we provide significant evidence for an influence of L-
dopa medication on the relative abundance of several bacterial
genera.
Clearly, the causative links between PD, PD medication and the

composition and metabolic capacity of the gut microbiota still
need to be unraveled in more detail. Gut inflammation, gut
motility, and microbial metabolism of PD drugs appear as
potential starting points for further investigations, which should
be focused more strongly on microbial functionalities than
abundances of microbial taxa. Interestingly, prediction of path-
ways with PICRUSt suggested an increased diversity of biochem-
ical pathways in our PD patients. Especially patients treated with
entacapone showed this trend. Such trends appear ideally suited
to be validated with, appropriate meta-technologies.67,68

Finally, we would like to point out that, besides technical issue
(sample size and age, sequencing technology etc.), differences
between the findings of our and other studies might also be
based on the distinct geographic and cultural background of our
study cohort, since the human gut microbiota is regionally
different.69 Thus, studies worldwide are needed in order to get a
more complete picture of potential links between gut microbiota
and PD.

METHODS
Patients and control group
The cohort under investigation comprised 34 PD patients (10 female, 24
male) and 25 healthy controls (14 female, 11 male), who have been
investigated previously.17 Both groups were age matched. At the time of
sampling, the mean age of PD patients was 67.9 (sd= 8.6) years and 63.9
(sd= 5.8) years for the control group, respectively. Special dietary habits or
restrictions were not reported. All subjects followed an omnivorous diet.
Intakes of antibiotics, probiotics, or prebiotics over the three months prior
to the fecal sampling, as well as a history of acute or chronic
gastrointestinal disorders were not reported. PD diagnosis was performed
according to the UK PD Society Brain Bank Clinical Diagnostic Criteria70 by
a movement disorder specialist. All PD patients were on dopaminergic
drugs (see Supplementary Table 1 for details). Mean duration of the
disease was 82 months and the median of the Hoehn and Yahr stage was
2.5.71 The control group did not report any pre-existing medical conditions
or any chronic or intermittent use of medication.
The study was approved by the ethics committee of the medical

association of Saarland and is recorded therein with the identification
number 111/12. All enrolled subjects provided written informed consent
for their participation.

Fecal sample collection and DNA isolation
Fecal sampling was performed in 2015. In order to collect samples at
home, subjects were provided with sterile containers (MED AUXIL fecal
collector set, Süsse, Gudensberg, Germany) and introduced to the
collection procedure. Samples were sent to the Institute of Microecology
in Herborn, Germany, frozen immediately and then stored at −20 °C until
further analysis. Fecal calprotectin concentrations were measured by an
enzyme-linked immunosorbent assay as reported previously.16

DNA isolation was performed in 2017, using the FastDNA SPIN kit for
feces (MP Biomedicals, Heidelberg, Germany), using 150mg–300mg of
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well homogenized fecal. DNA purity and concentration after extraction
were measured with an Implen NanoPhotometer P-Class 360 (Implen
GmbH, Munich, Germany).

Library preparation and sequencing
Sequencing library preparation of the V4 and V5 region of the bacterial 16S
rRNA genes were performed using the 16S-specific primers 520 F (5′-
AYTGGGYDTAAAGNG-3′) and 926 R (5′-CCGTCAATTCMTTTRAGTTT-3′)72,73

to produce amplicons of ~380 bp length which is regarded sufficient for
identification at genus level.74 PCR amplification was performed at least
twice per sample. The PCR mixture consisted of 0.5 μl of each primer
(10 μM), 0.6 μl of dNTP-Mix (10mM, each), 5 μl 5× KAPA Hifi Puffer
including 20mM MgCl2 (Roche, Mannheim, Germany), 0.1 μl KAPA Hifi
Polymerase (Roche), 1 μl DNA template, and was filled up to a final volume
of 25 μl with nuclease free water. PCR reactions were performed in a T100
Thermal Cycler (Bio-Rad Laboratories, Munich, Germany) using the
following thermal profile: 3 min at 95 °C for initial denaturation, 25 cycles
of 30 s at 95 °C for denaturation, 30 s at 55 °C for annealing, and 45 s at
72 °C for elongation, followed by a final elongation step for 5 min at 72 °C.
Water-template controls and Escherichia coli DNA as positive controls were
included for each set of the PCR reaction. Success of PCRs was verified by
agarose gel electrophoresis using Midori Green as DNA-dye (Biozym,
Olderndorf, Germany). Replicate PCRs of the same sample were pooled
and purified with Agencourt AMPure beads (Beckman Coulter, Krefeld,
Germany) into 50 μl of 10mM Tris (pH 8.5) buffer.
Subsequently, a second PCR step was performed to add unique, custom

made index barcodes with sequencing adapters to the amplicon targets
(detailed in the Supplementary Table 6; Integrated DNA Technologies,
Leuven, Belgium) using the same reverse primer as before. The index PCR
reaction included 1 μl Ion-index-primer forward and 1 μl 926 R reverse
primer with 1.2 μl of dNTP-Mix (10mM each), 10 μl 5× KAPA Hifi Puffer
including 20mM MgCl2 (Roche), 0.2 μl KAPA Hifi Polymerase (Roche), 5 μl
amplicon DNA, and was filled up to 50 μl with nuclease free water. PCR
reactions were performed in a T100 Thermal Cycler (Bio-Rad Laboratories)
using the program detailed above, albeit with 8 cycles. With indices and
linker sequences, libraries had a mean sequence length of 428 bp.
Purification, quality, and quantity checks, as well as emulsion PCR and
following sequencing steps with the Ion PGM Hi-Q OT2 Kit (Thermo Fisher
Scientific, Schwerte, Germany) on a Ion PGM sequencer (Thermo Fisher
Scientific) were performed following the protocol provided by Kaplan and
colleagues and the manufacturer´s instruction.75

Bioinformatics and Statistics
Sequence data were processed using QIIME 1.9.1.76 Quality cutoffs were
performed using the QIIME standard at Q ≥ 25. Minimum and maximum
sequence lengths with the QIIME default of 200 bp and 1000 bp were used.
The sequences of four independent runs were merged in a single dataset.
Chimeras were removed using vsearch.77 Operational taxonomic units
(OTU) were chosen within 97% sequence identity. SILVA database release
128 was used to assign taxonomy and align sequences.78 Following
removal of chloroplast and mitochondrial OTUs, further statistical analyses
were made with R version 3.4.3. The phyloseq package version 1.22.3 was
used for rarefaction to even sequence depth and exclusion of taxa present
in less than 10% of all samples.79 Alpha diversity indices for Observed,
Chao1, Shannon, and Simpson metrics, as well as beta diversity indices for
weighted and unweighted unifrac were also calculated with the phyloseq
package. P-values were calculated with ANOVA for alpha diversity and
ADONIS for beta diversity with the package vegan, version 2.4–6.80 The
package coin version 1.2–2 was used to compute differences in OTU
counts between PD and controls using a two-sided
Wilcoxon–Mann–Whitney test for unpaired and non-normally distributed
samples in a 10,000 fold Monte-Carlo simulation.81 Statistical analyses
resulting in p-values were corrected using a false discovery rate (FDR)
correction for multiple testing.82

In order to compare the diversity of metabolic pathways between PD
and control samples, a PicRust283 (https://github.com/picrust/picrust2/)
analysis was done using the QIIME284 plugin for PicRust2 after export of
the necessary files into the QIIME2 format. For the hidden-state prediction
(HSP) the method “mp” and for the maximum NSTI the value “2” (optimal
for human gut) were chosen. The results file containing the predicted
pathway abundances and coverages per sample, based on predicted EC
number abundances, was used for calculation of Alpha diversity (Observed,

Chao, Shannon and Simpson metrics) and Beta diversity indices and
according statistics by the QIIME284 pipeline commands.
Associations of categorical sample attributes were calculated with a Χ²-

test and validated by Cramér’s V (cV) using the package DescTools version
0.99.27 for R.85 Correlations of numeric sample attributes were calculated
with a Spearman-Ρ.86

Reporting summary
Further information on research design is available in the Nature Research
Reporting Summary linked to this article.
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