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12 Abstract

13 Recent studies suggest that alterations in the gut phagobiota may contribute to
14  pathophysiological processes in mammals; however, the association of bacteriophage
15  community structure with Parkinson’s disease (PD) has not been yet characterized. Towards
16  this end, we used a published dataset to analyse bacteriophage composition and determine the
17 phage/bacteria ratio in faecal samples from drug-naive PD patients and healthy participants.
18 Our analyses revealed significant alterations in the representation of certain bacteriophages in
19 the phagobiota of PD patients. We identified shifts of the phage/bacteria ratio in lactic acid
20  bacteria known to produce dopamine and regulate intestinal permeability, which are major
21  factors implicated in PD pathogenesis. Furthermore, we observed the depletion of Lactococcus
22 spp. in the PD group, which was most likely due to the increase of lytic c2-like and 936-like
23 lactococca phages frequently present in dairy products. Our findings add bacteriophages to the
24  list of possible factors associated with the development of PD, suggesting that gut phagobiota
25  composition may serve as a diagnostic tool as well as atarget for therapeutic intervention, which
26 should be confirmed in further studies. Our results open a discusson on the role of

27  environmental phages and phagobiota compoasition in health and disease.
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28 Introduction

29  Parkinson’s disease (PD) is the second most common neurodegenerative disease characterized
30 by motor disturbances such as resting tremor, rigidity, postural instability, gait problems, and
31  gastrointestinal dysfunction™?. These motor symptoms are mainly related to the depletion of
32 dopamine in the striatum as a result of a complicated multifactorial process’. One of the
33  pathways leads to a loss of dopaminergic neurons in the substantia nigra pars compacta due to
34 accumulation of fibrils of insoluble misfolded o-synuclein®®.

35 Normally, a-synuclein plays a role in the regulation of vesicular release and is highly
36  expressed in presynaptic neuronal terminals. The reasons why this protein adopts a p-sheet
37  structure and forms aggregates are not completely understood; yet, the insoluble synuclein fibrils
38  referred to as Lewy bodies are a hallmark of PD and are toxic for neurons’. In the Western
39 world, theincidence of the disease is on the rise, with a higher prevalence in White men®. While
40  genetic risk factors of PD, such as SNCA and INPP5F genes encoding a-synuclein and inositol
41  polyphosphate-5-phosphatase, respectively, have been identified, it is shown that most PD cases
42 can beattributed to environmental and epigenetic factors®**. Given the overarching influence of
43 gut bacteria on human health and early involvement of gastrointestinal (Gl) microbiotain PD,
44  the concept of the role of the microbiota-gut-brain axis in PD development has recently
45 emerged™®®,

46 The gut bacteria may be implicated in PD through several pathways, including the
47  effects on the enteric nervous system (ENS) which is in constant direct communication with

14,15

48  the brain through the vagus nerve . Furthermore, it has been suggested that changes in the

49  gut microbial structure associated with intestinal inflammation may contribute to the initiation

50 of a-synuclein misfolding '’

. The model of gut-originating, inflammation-driven PD
51 pathogenesis is based on the idea that alterations in the intestinal bacterial community may
52 play arole in triggering a-synuclein misfolding in the ENS. According to this model, PD
53 starts in the ENS and then spreads in a retrograde manner through the vagus nerve to the
54  central nervous system'®'®'° This concept is confirmed by the presence of a-synuclein
55  aggregates in myenteric neurons of the ENS prior to the onset of PD motor symptoms™.
56  Moreover, changes in the gut microbiota composition may cause alterations in the intestinal
57 barrier function and permeability, affecting both the immune system and ENS, including
58 neurons and glial cells, and exerting a profound effect on the condition of PD patients %%,
59 Increased intestinal permeability is also associated with activation of enteric neurons and enteric
60 glial may contribute to the initiation of apha-synuclein misfolding™’.

61 However, the factors promoting alterations of gut bacteria in neurodegenerative

62  diseases remain unexplored. Therefore, understanding the mechanisms underlying shiftsin the
3
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63 intestinal bacterial community that may trigger pathogenic pathways leading to PD is
64  essential for the development of new approaches to prevent and treat this incurable disease.

65 The microbial community of the human Gl tract is composed of bacteria, archaea, fungi,
66 and viruses, including bacteriophages, this highly diverse and complex ecosystem is
67  characterized by dynamic stability®*. Bacteriophages are the most abundant group outnumbering
68  other viral as well as bacterial species, and are considered important regulators of microbiota
69  stability”?°. However, bacteriophages as possible agents that may negatively affect mammalian
70 hedth have attracted scientific attention only recently’’.We have previously shown that
71 bacteriophage administration can cause shifts in mammalian microbiota, leading to increased
72 intestinal permesbility and triggering chronic inflammation, and have first emphasized the
73 necessity of characterizing phagobiota, i.e., the totality of bacteriophages in humans, based on
74 their unique characteristics distinguishing them from other viruses™?° .

75 Although it is obvious that phagobiota is an important regulator of microbial community
76 composition in the Gl and, as such, can influence the gut-brain axis, there are no data on the role
77  of bacteriophages in neurodegenerative diseases, and the causal relationship between the
78  microbiota changes and PD pathogenesis has never been addressed. In the past, the study of
79  bacteriophages in humans has been limited by the lack of systematic approaches and insufficient
80 research on phage diversity; however, the development of next-generation sequencing
81  technologies has made metagenomic analyses of phagobiota feasible®.

82 Here, we present, for the first time, detailed comparative metagenomic analysis of
83 intestina phagobiotain PD patients and non-parkinsonian individuals. We retrieved a dataset of
84  short sequence reads generated in the original study of Bedarf et al. () from NCBI Sequence
85 Read Archive (SRA) (https://www.nchi.nlm.nih.gov/bioproject/382085) and analysed bacterial
86  and bacteriophage diversity using MetaPhlAn and custom method®**3!, The obtained results
87 revealed changes in the profile of certain bacteriophages of PD patients, thus suggesting their
88  possible involvement in PD.

89

90 Results

91 Bacterial community composition in PD. To explore the bacterial community structure in PD,
92  we used the shotgun metagenomics sequencing data of the faecal microbiome from 31 patients
93 with PD and 28 control individuals®. HiSeg-mediated sequencing produced a total of
94  1,792,621,232 reads with an average of 30,383,411 reads per sample. We used the established
95 MetaPhlAn2 method to identify abundances of bacterial taxain the samples. We identified phage
96 taxaand abundance by DNA sequence alignment to a database of all known phage genomes (see

97  Methods for a detailed description). In accordance with our prior work, a threshold for detection
4
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98  of any phage species was used as 2 reads aligned with >90% sequence identity over more than

99 100 bases™.
100 In agreement with previous findings form Bedarf, J. et al, we observed differences in
101  richness and diversity between PD and control groups (Supplementary Table S1). The richness
102  of bacteria species in the PD microbiome tended to decrease as evidenced by lower but not
103  dtatistically significant values of abundance-based coverage estimator (ACE; p = 0.483) and
104  Chaol (p = 0.709) compared to control (Fig. 1A,B). Differences in a-diversity indexes between
105 the PD and control groups were also not statistically significant (Shannon: p = 0.241; Simpson: p
106 =0.421; inverse Smpson: p = 0. 428; Fig. 1C-E).
107 To evaluate possible differences in detail, we assessed -diversity using the Bray-Curtis
108 dissimilarity index and subjected the results to Principal Coordinate Analysis (PCoA), which
109 revealed high similarity between PD and control samples based on the absence of statistically
110  significant difference in bacterial diversity (Fig. 1F)***.
111 The taxonomic composition of microbiome in the PD and control groups was analysed at
112  the genus level. Bacteroides was the most abundant genus in both groups, and no statistically
113 dgnificant difference was detected in the presence of Bifidobacterium, Eggerthella, and
114  Adlercreutzia species. However, we detected a depletion of Prevotellaceae and Lachnospiraceae
115  speciesin PD patients, which is consistent with previous studies”. Furthermore, our analysis of
116 less abundant families revealed reduced representation of Lactobacillaceae and
117  Streptococcaceae in the PD group (Supplementary Table S1, Fig. 2A, B).
118
119  Bacteriophage diversity in PD. Sequence reads were then used to investigate whether there was
120 an overal gain or loss of diversity in bacteriophage composition between the groups
121 (Supplementary Table S2.1, S2.2, S2.3)*. Phagobiota richness was not statistically different
122 between PD patients and control individuals, although a slight increase of ACE and decrease of
123 Chaol indexesin the PD group was detected (ACE: p = 0.272; Chaol: p = 0.797; Fig. 3A, B).
124 We also found a tendency for reduction of a-diversity in PD patients indicated by reduced
125  Shannon (p = 0.132), Smpson (p = 0.963), and inverse Simpson (p = 0.421) indexes (Mann-
126  Whitney test) compared with control (Fig. 3C-E). These results are consistent with a similar
127  decreasing trend observed in bacterial richness and diversity among PD patients, suggesting that
128  the reduced numbers of bacterial hosts may be related to the reduction of the associated
129  bacteriophages.
130 B-Diversity of bacteriophages was analysed based on the Spearman’s rank correlation
131 coefficient and Bray-Curtis dissimilarity index, which revealed statistically insignificant
132 increase in B-diversity of phagobiota in PD (Spearman’s test; p = 0.731) (Fig. 3F). Not
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133 surprisingly, PCoA of phagobiota revealed high similarity in bacteriophage diversity between
134  PD and control groups, which showed no statistically significant difference (Fig. 3G).

135

136  Bacteriophage composition at the family level. Analysis of relative abundance at the family
137  level showed that Sphoviridae was the most abundant family in both PC and control groups
138  (Fig. 4). The second largest bacteriophage family in the PD group was Podoviridae followed by
139  Myoviridae, whereasin control group the order was the opposite (p = 0.017).

140

141 Composition of phagobiota at the species level. We next examined compositional changes in
142 the bacteriophage community at the species level. To investigate phage diversity in the human
143 gut, we analysed the abundance of phage species (relative abundance > 0.01% detectable in at
144 least two samples) individually for each sample and presented the data as a heat map
145  (Supplementary Fig. S1). Notably, the sampling methods used in extracting total metagenomic
146 DNA data include phages both at the Iytic and lysogenic states, which cover the bulk of the
147  phagobiota®. Comparative analysis revealed under-representation of phages specific for
148  Enterobacteria and Salmonella and over-representation of those specific for Lactococcus (phi7,
149  CB13,jj50, bil67, and 645) in PD patients.

150 Next, we evaluated species detectable only in one group (in at least two samples), which
151  indicates appearance/disappearance of individual bacteriophage species (Fig. 5, Supplementary
152 Table S3). The key changes included total disappearance of certain Bacillus, Enterobacteria,
153  Lactococcus Streptococcus, and Salmonella phages, which belonged to the Sphoviridae family
154  or were unclassified Caudovirales, as well as Lactobacillus phages of the Myoviridae family. At
155 the same time, we detected the appearance of certain Leuconostoc, Lactococcus, and
156  Enterobacteria phages of the Sphoviridae family, Enterobacteria phages of the Myoviridae
157  family, and Salmonella phages of the Podoviridae family.

158 Finally, we analysed ratio between phages and their bacterial hosts in the gut microbiome
159 by calculating the phage/bacteria ratio defined as the ‘Iytic potential’®’. To do this, we clustered
160  phages according to their bacterial hosts and normalized phage abundance to that of the
161  respective hosts in each group (Fig. 6). The obtained data were consistent with the trend of
162  reduction in a- and B-diversity in both bacteriophages and bacteria among PD patients and
163  indicated stability of the phage/bacteria equilibrium across PD and control samples. However,
164  theidentified some significant aterations in the phage/bacteria ratio in the PD group, suggesting
165  their association with PD.

166 In theory, if the phage/bacteriaratio is equal to 1 (or log10°), it means that a prophage

167 is stably integrated within the host bacterial genome, which was observed in this study for
6
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168  Bacillus and Vibrio phages and the corresponding bacterial host in the PD group®’. At the
169  same time, the ratio less than 1 indicates that a prophage is most likely absent in the genomes
170  of a part of the corresponding bacterial host population. We observed low phage/bacteria
171  ratios for Bacteroides, Klebsiella, Clostridium, and Streptococcus, which reflect low numbers
172 of the corresponding phages and high abundance of the host bacteria across both PD and
173 control groups. The phage/bacteria ratio more than 1 suggesting that the phage is at least
174  partially present in the lytic phase, was observed for Edwarsiella, Mycobacterium, and
175  Shigella in both PD and control groups without statistically significant difference.

176  However, we found a significant difference between the groups in the phage/bacterial ratio for
177  Lactococcus. The abundance of Lactococcus spp. showed a decrease of more than 10-fold in
178  PD patients compared to that in the control. This finding drew our attention to Lactococcus
179  known to play an important role in the metabolism of neurotransmitters, including dopamine,
180  whose deficiency is akey pathological factor in the development of PD (Fig.6)*®*".

181  We noted that despite the depletion of Lactococcusspp., the total number of respective
182  Lactococcus phages was approximately the same between the PD and control groups
183  (Supplementary Fig 1). To investigate this discrepancy and a possible role of bacteriophages
184 in the depletion of Lactococcus spp., we divided all Lactococcus phages within each
185  metagenome sample into two clusters: strictly virulent (lytic) or temperate, and compared
186 their distribution between PD patients and controls (Fig. 7A, B)***3. The results indicated that
187 in the control group, the abundance of the lytic and temperate phages was similar, whereas in
188  the PD group, the mgjority of Lactococcal phages were strictly virulent and belonged to c2-
189  like and group 936 (Supplementary Table $4)*. Notably, the abundance of a majority of Iytic
190  Lacotococcus phages was higher in PD patients then in control individuals (Fig. 7B).

191 These findings suggest that the striking depletion of Lactococcus spp. in PD patients
192  could be caused by the appearance of lytic phages.

193

194  Discussion

195 In this study, we have shown that the abundance of lytic Lactococcus phages in PD patients
196  dignificantly differed from that of healthy individuals, most likely being a cause for the detected
197  shift in neurotransmitter-producing Lactococcus and thus opening a discussion on the possible
198  role of phages and implications of the phagobiotain PD.

199 Metagenome sequencing has greatly facilitated the investigation of the human
200 microbiome; however, current understanding of the role of microbiota in health and disease
201 mainly comes from the analysis of diversity and abundance of bacterial species, whereas littleis

202 known about those of bacteriophages*. Therefore, changes in bacteriophage composition are
7
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203  rarely associated with human diseases. Recently, we have shown, for the first time, that phages
204 may be implicated in protein misfolding, altered intestinal permeability, and chronic
205  inflammation in mammals, and, thus, should be focused on as a novel potentially critical element
206 in the development of multifactorial diseases, including those where increased intestina
207  permeability is considered to be atriggering or aggravating factor”” %,

208 Here, we analysed the metagenomic data generated in the study of Bedarf et al. which
209  included early-stage PD patients not treated with L-DOPA known to affect intestinal motility and
210  possibly microbiota composition®. Our aim was to compare the phagobiota and its correlation
211 with the bacterial component of Gl microbiota between PD patients and non-parkinsonian
212 individuas to revea the alterations in bacteriophage composition potentially associated with the
213 initiation or progression of PD. We identified bacteria and phages with differential abundance
214 inthe PD and control group, clustered phages according to their bacterial hosts, and evaluated
215  the phage/bacterial ratio for each individual, which allowed us to determine whether shifts in
216  bacterial composition resulted from phage infection or may reflect pathophysiological
217  changesin PD patients affecting gut microbiota.

218 In agreement with recent studies, our findings indicate that PD is associated with lower
219  bacteria diversity and richness™. Notably, our analysis revealed significant differences in the
220  microbiota structure between PD patients and control individuals. We detected some previously
221 overlooked aterations in the bacterial community at the family and genus levels using the
222 MetaPhlAn tool, which provides accurate microbial profiling and estimates relative abundance
223 of microbial cells by mapping reads against a set of clade-specific marker sequences®. The key
224  dterations observed in PD patients included a decrease in certain members of Streptococcaceae
225 and Lactobacillaceae families, such as Lactococcus and Lactobacillus (Supplementary Table
226  Sl1), which are consistent with recent findings*’. However, some studies showed different
227  results, which may be explained by variations in analysis pipelines, bioinformatics tools, and
228  study population, which can comprise patients at different disease stages receiving distinct
229  therapeutic regimens that can potentially affect gut microbiota composition®“2,

230 Our attention was particularly drawn to a previously overlooked decrease of the
231 relative abundance of Lactococcus spp. in the PD group. These bacteria are considered as an
232 important source of microbiota-derived neurochemicals, including dopamine which they
233 produce in appreciable physiological amounts™®“*. The decrease in the production of intestinal
234  dopamine may be, on the one hand, associated with early gastrointestinal symptoms of PD
235  and, on the other, involved in triggering the neurodegenerative cascade of the disease'®“®,

236 Moreover, lactic acid bacteria, especially lactococci and lactobacilli, are known as

237 important regulators of gut permeability®®*. Although intestinal permeability of the study
8
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238  participants was not evaluated, previous research indicates that PD is commonly associated
239 with impaired barrier function®. Therefore, given the role of lactobacteria in intestinal
240 dopamine production, their depletion in PD patients may contribute to triggering or
241 aggravating PD symptoms through effects on intestinal permeability®.
242 Our comparative evaluation of phagobiota composition in control individuals and PD
243  patients using custom method did not reveal changes in a- and B-diversities, which is in
244  agreement with the study by Bedarf et al., who showed that the abundance of prophages was
245 not altered in the PD group, although they used a different bioinformatics tool for viral
246  metagenome analysis™*. However, we found that PD phagobiota was characterized with
247 total disappearance of certain bacteriophage groups, including those specific for Bacillus,
248  Enterobacteria, Lactococcus, Streptococcus, and Salmonella. At the same time, some
249  Leuconostoc, Lactococcus, and Enterobacteria phages absent in the control group were found
250 inasubset of PD patients.
251 It should be taken into account that whole genome sequencing produces results for
252 both Iytic and temperate phages, as methods used for metagenome DNA extraction isolate
253 total phage DNA®. While analysing possible interplay between bacteria and phages, it is
254  necessary to consider their mutual effects on the abundance to each other®. For example, high
255  prevalence of certain prophage-harbouring bacteria should result in high numbers of the
256  respective phages in metagenomics datasets, whereas increased abundance of certain lytic
257  bacteriophages may be accompanied by a decrease of their bacterial hosts™.
258 With this in mind, we compared the shifts in phagobiota with the abundance of their
259  bacterial hosts based on the phage/bacterial ratio, which allowed revealing the presence of
260 lytic phages at the abundance higher than that of the respective bacterial hosts (Fig. 6). An
261  important result of this analysis is the disbhalance between the number of Lactococcus spp. and
262  their bacteriophages in the PD group. We found more than 10-fold decrease in the abundance of
263  Lactococcus among PD patients, whereas that of the respective phages was the same as in the
264  control group. Given that the abundance of temperate phages would be reduced in parallel with
265  their host bacteria, the finding that the decrease in Lactococcus spp. was not accompanied by that
266  of the respective phages indicates that the observed reduction in Lactococcus may be due to the
267  increase in the number of lytic phages.
268 To investigate which Lactococcus phages are solely lytic and which are temperate (i.e.,
269  can undergo both lysogenic and lytic cycles), we performed detailed literature analysis followed
270 by clustering of Lactococcus phages into “temperate” or “lytic” groups (Supplementary Table
271 S$4)***. The results revealed that Iytic Lactococcus phages belonging to the 936 and c2 groups
272 were significantly overrepresented in PD patients (Fig. 7A, B), indicating that the significant
9
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273 decrease of the abundance of Lactococcus spp. in PD is accompanied by under-representation of
274  temperate and over-representation of lytic Lactococcus phages. Notably, Lactococcus spp. are
275  known to possess abortive infection (Abi) systems, also known as phage exclusion systems, that
276  block phage multiplication, leading to premature bacterial death following phage infection™.
277  Thus, the number of progeny phage particles decreases, limiting the spread of phages to other
278  bacteria within the population and alowing the bacterial population to survive. It is suggested
279  that phages in PD have developed mechanisms to overcome these antiphage systems; however,
280  additional studies are required to confirm this™.

281 We focused on the interplay between Lactococcus spp. and their phages because
282  Lactococcus bacteria are important dopamine producers in the ENS and regulators of gut
283  permesbility, suggesting that their depletion due to high numbers of respective phages in PD
284  patients may be associated with PD development directly linked to dopamine decrease™ .

285 Therefore, we can draw the second highly speculative conclusion that Lactococcus
286  phages may trigger the onset of or promote PD as well as its gastrointestinal symptoms,
287 associated with a lack of dopamine. However, additional experimental work is required to
288  distinguish whether changes in the phagobiota can contribute to development of PD symptoms or
289  areresults of the ongoing disease *°. Noteworthy, There are two main scenarios that can lead to
290  the accumulation of lytic Lactococcus phages in the gut and depletion of their bacterial hosts®.
291  Firgt, it can be asymptom of dyshiosis and second, aresult of environmental introduction of lytic
292 Lactococcus phages, which are widely used in the food industry and can be found in a variety of

293 dairy products, including milk, cheese, and yogurt®**®

. The impact of the latter factor is
294  supported by the fact that the mgjority of lytic phages in PD patients belong to c2-like and 936-
295 like lactococcal phages, which are most frequently isolated from dairy products®®®*. However,
296 the hypothesis of the role of the environmental phages in PD needs to be further explored.

297 In summary, our study outline the necessity to pay specific attention to bacteriophages as
298  previously overlooked human pathogens. We identified shifts in the gut phagobiota in PD
299  patients, some of which can be considered to be associated with the disease and may be used in
300 the development of novel diagnostic and therapeutic tools, although this suggestion needs to be
301  confirmed by further research.

302

303 Methods

304  Study population. Our analysis was based on the study of Bedarf et al. who recruited 31 PD
305  patients and 28 gender- and age-matched non-parkinsonian individuals™. The patients had early-
306 stage PD (onset of motor symptoms and diagnosis within the past year) not yet treated with L-

307 DOPA known to affect gut microbiota composition. Patients with chronic and inflammatory
10
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308 gadtrointestinal diseases, including chronic constipation, and atypical and/or secondary
309  parkinsonism, as well as those using laxatives, immunosuppressants, or antibiotics in the past
310 three months were excluded. Although three PD patients and three control subjects were
311 included despite the intake of antibiotics (up to three days) in a period of 28-34 days prior to
312 faeces sampling, the omission of those cases from the analyses had no impact on the results®.
313 The demographic parameters of study participants are presented in (Supplementary Table S5)%.

314 Microbiota sequencing and processing. Bacterial and phage content were quantified separately
315  using the SRA shotgun metagenomic sequencing data. Bacterial content was quantified by taxa
316  directly from SRA reads using Metaphalan (v. 2.0), which operates by mapping sequence reads

317 to adatabase of predefined clade-specific marker genes®®

. Phage content was assessed using a
318  custom method. First, reads from each SRA file were de novo assembled into contigs with
319 metaSPAdes (v. 3.11.1)°". Then contigs >200 bp were aligned to the EBI collection of phage
320  genomes (https://www.ebi.ac.uk/genomes/phage.html) by BLAST with athreshold e-value < le-
321 5 and aignment length >50% of contig length. All of the original reads were then re-mapped
322 with Bowtie2 (v. 2.3.4.1) to the contigs with good phage BLAST matches in order to increase
323 sensitivity and more accurately count the abundance of reads from each type of phage. Phage
324 read counts per contig were combined per phage genome (taxa) and normalized to relative
325 abundance. A detection threshold of 2 reads per sample (>90% identity to the phage genome) was used,
326 based on previous reports™.

327 Bacteria and bacteriophage communities at the genus, family, and species levels were
328 characterized based on o- and B-diversities. All taxa with relative abundance measurements
329  below 0.0001 in all samples, were removed from abundance tables prior to statistical analysis. -
330 Diversity indices (ACE, Chao 1 richness estimator, Shannon, Simpson, and inverse Simpson)
331  were calculated using the phyloseq R library®. p-Diversity (similarity or difference in bacterial
332 or bacteriophage composition between participants) was assessed based on Bray-Curtis
333  dissmilarity computed using the “levelplot” package of the R software (https.//www.r-
334  project.org/) and represented by PCoA. Differences in a- and B-diversities between datasets
335 were examined by ANOVA and PERMANOVA statistical tests; p /< J0.05 was considered
336  atistically significant.

337

338  Statistical analysis of microbial community composition and differential abundance.

339 The QIIME pipeline was used for quality filtering of bacterial and bacteriophage DNA
340 sequences, chimera removal (by the USEARCH software), taxonomic assignment, and

341 calculation of o-diversity, as previously described®”®®. Downstream data analysis and
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342 calculation of diversity metrics were performed in R3.3.2 using ggplot2 and phyloseq
343  libraries; DESeq2 was used to calculate logarithm of fold change®.

344 Bacterial and bacteriophage communities at the genus, family, and species levels were
345 characterized based on o- and B-diversities. a-Diversity indices (ACE, Chao 1 richness
346  estimator, Shannon, Simpson, and inverse Simpson) were calculated using the phyloseq R
347  library®. p-Diversity (similarity or difference in bacterial or bacteriophage composition
348  between participants) was assessed based on Bray-Curtis dissimilarity computed using the
349  “levelplot” package of the R software (https://www.r-project.org/) and represented by
350 PCoA¥. Differencesin a- and p-diversities between datasets were examined by ANOVA and
351 PERMANOVA statistical tests; p-1<[10.05 was considered statistically significant.

352

353  Acknowledgements

354  Wewould like to thank Gregory Andronica for valuable input.

355

356 Data availability

357  The other sequencing datasets generated and/or analysed during the current study are available
358  from the corresponding author on reasonable request.

359

360  Author Contributions

361 GT designed the analysis. SB and YZ conducted a metagenomics anaysis. GT and VT
362  supervised data analysis and wrote the manuscript.

363

364  Additional Information

365  Competing Interests statement: The authors declare no competing interests as defined by
366 Nature Research, or other interests that might be perceived to influence the results and/or
367  discussion reported in this paper.

368  Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
369  published maps and institutional affiliations.

370

371

372

373

374

375

12


https://doi.org/10.1101/305896

bioRxiv preprint doi: https://doi.org/10.1101/305896; this version posted April 22, 2018. The copyright holder for this preprint (which was not

376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

REFERENCES

1. Lee A. & Gilbert, R. Epidemiology of Parkinson Disease. Neurol. Clin. 34, 955-965
(2016).

2. Edwards, L., Pfeiffer, R., Quigley, E., Hofman, R. & Balluff, M. Gastrointestinal
symptoms in Parkinson's disease. Mov. Disord. 6, 151-156 (1991).

3. Adgid, Y. Parkinson's disease: pathophysiology. Lancet 337, 1321-1324 (1991).

4.  Furukawa, Y. et al. Dystonia with motor delay in compound heterozygotes for GTP-
cyclohydrolase | gene mutations. Ann. Neurol. 44, 10-16 (1998).

5. Cookson, M. a-Synuclein and neuronal cell death. Mol. Neurodegener. 4, 9 (2009).

6. Olanow, C. & Brundin, P. Parkinson's Disease and Alpha Synuclein: Is Parkinson's
Disease a Prion-Like Disorder? Mov. Disord. 28, 31-40 (2013).

7. Volpicelli-Daley, L. et al. Exogenous a-Synuclein Fibrils Induce Lewy Body Pathology
Leading to Synaptic Dysfunction and Neuron Death. Neuron 72, 57-71 (2011).

8.  Klingelhoefer, L. & Reichmann, H. Pathogenesis of Parkinson disease—the gut—brain
axis and environmental factors. Nat. Rev. Neurosci. 11, 625-636 (2015).

9. Nalls, M. Large-scale meta-analysis of genome-wide association data identifies six new
risk loci for Parkinson's disease. Nat Genet. 46, 989-993 (2014).

10. Kalia L. & Lang, A. Parkinson's disease. Lancet 386, 896-912 (2015).

11. Ritz, B. e d. Traffic-Related Air Pollution and Parkinson’s Disease in Denmark: A
Case—Control Study. Environ Health Perspect. 124, (2015).

12. Sampson, T. et al. Gut microbiota dysbiosis motor deficits and neuroinflammation in a
model of Parkinson's Disease. Br. Dent. J. 221, 772-772 (2016).

13. Sharon, G., Sampson, T., Geschwind, D. & Mazmanian, S. The Central Nervous System
and the Gut Microbiome. Cell 167, 915-932 (2016).

14. Cryan, J. & Dinan, T. Mind-altering microorganisms: the impact of the gut microbiota on
brain and behaviour. Nat. Rev. Neurosci. 13, 701-712 (2012).

15. Carabotti, M., Scirocco, A., Masdlli, M. A., & Severi, C. The gut-brain axis: interactions
between enteric microbiota, central and enteric nervous systems. Ann. Gastroenterol. 28, 203
(2015).

16. Devos, D. et a. Colonic inflammation in Parkinson's disease. Neurobiol. Dis. 50, 42-48
(2013).

17. Mulak, A. Brain-gut-microbiota axis in Parkinson's disease. World J. Gastroenteral. 21,

10609 (2015).
13


https://doi.org/10.1101/305896

bioRxiv preprint doi: https://doi.org/10.1101/305896; this version posted April 22, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

411 18. Houser, M. & Tansey, M. The gut-brain axis: is intestinal inflammation a silent driver of
412 Parkinson’s disease pathogenesis? NPJ Parkinsons Dis. 3, (2017).

413 19. Braak, H., Rub, U., Gai, W. & Del Tredici, K. Idiopathic Parkinson's disease: possible
414 routes by which vulnerable neuronal types may be subject to neuroinvasion by an unknown
415 pathogen. J. Neural. Transm. 110, 517-536 (2003).

416 20. Forsyth, C. et a. Increased Intestinal Permeability Correlates with Sigmoid Mucosa
417 alpha-Synuclein Staining and Endotoxin Exposure Markers in Early Parkinson's Disease. PL0S
418 ONE 6, €28032 (2011).

419 21. Vizcarra, J., Wilson-Perez, H. & Espay, A. The power in numbers: Gut microbiota in
420 Parkinson's disease. Mov. Disord. 30, 296-298 (2014).

421 22. Clairembault, T., Leclair-Visonneau, L., Neunlist, M. & Derkinderen, P. Enteric glial
422 cells: New players in Parkinson's disease? Mov. Disord. 30, 494-498 (2014).

423 23. Bedarf, J. et a. Functional implications of microbial and viral gut metagenome changes
424 in early stage L-DOPA-naive Parkinson’s disease patients. Genome Medicine 9, (2017).

425 24. Mills, S. et a. Movers and shakers. Gut Microbes 4, 4-16 (2013).

426 25. Bretbart, M. & Rohwer, F. Here a virus, there a virus, everywhere the same
427 virus? Trends Microbiol. 13, 278-284 (2005).

428 26. Damasso, M., Hill, C. & Ross, R. Exploiting gut bacteriophages for human health.
429 Trends Microbiol. 22, 399-405 (2014).

430 27. Tetz, G. et a. Bacteriophages as potential new mammalian pathogens. Sci. Rep. 7,
431 (2017).

432 28. Tetz, G. & Tetz, V. Prion-Like Domains in Phagobiota. Front. Microbiol. 8, (2017).

433 29. Tetz, G. & Tetz, V. Bacteriophage infections of microbiota can lead to leaky gut in an
434 experimental rodent model. Gut Pathogens 8, (2016).

435 30. Reyes, A., Semenkovich, N., Whiteson, K., Rohwer, F. & Gordon, J. Going viral: next-
436 generation sequencing applied to phage populations in the human gut. Nat. Rev. Microbiol. 10,
437 607-617 (2012).

438 31. Segata, N. et a. Metagenomic microbial community profiling using unique clade-specific
439 marker genes. Nat. Methods 9, 811-814 (2012).

440 32. Truong, D.T. et ad. MetaPhlAn2 for enhanced metagenomic taxonomic profiling. Nat.
441 methods 12, 902 (2015).

442 33. Hao, Yuhan, e a. "HPViewer: Sensitive and specific genotyping of human
443 papillomavirus in metagenomic DNA." bioRxiv: 208926 (2017).

444 34. Pérez-Caobas, A. et al. Gut microbiota disturbance during antibiotic therapy: a multi-omic

445 approach. Gut 62, 1591-1601 (2012).
14


https://doi.org/10.1101/305896

bioRxiv preprint doi: https://doi.org/10.1101/305896; this version posted April 22, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

446 35. Suchodolski, J. et a. The effect of the macrolide antibiotic tylosin on microbial diversity
447 in the canine small intestine as demonstrated by massive parald 16S rRNA gene
448 seguencing. BMC Microbiology 9, 210 (2009).

449 36. Dethlefsen, L., Huse, S, Sogin, M. & Relman, D. The Pervasive Effects of an Antibiotic
450 on the Human Gut Microbiota, as Revealed by Deep 16S rRNA Sequencing. PLoS Biology 6,
451 €280 (2008).

452 37. Waler, A. et a. Classification and quantification of bacteriophage taxa in human gut
453 metagenomes. The ISVIE Journal 8, 1391-1402 (2014).

454 38. Alkasir, R., Li, J, Li, X., Jn, M. & Zhu, B. Human gut microbiota: the links with
455 dementia development. Protein Cell 8, 90-102 (2016).

456 39. Ozogul, F. "Effects of specific lactic acid bacteria species on biogenic amine production
457 by foodborne pathogen.” Int. J. Food Sci. Technol. 46, 478-484 (2011).

458 40. Kuley, E. & Ozogul, F. Synergigtic and antagonistic effect of lactic acid bacteria on
459 tyramine production by food-borne pathogenic bacteria in tyrosine decarboxylase broth. Food
460  Chemistry 127, 1163-1168 (2011).

461 41. Wall, R. et a. Bacterial Neuroactive Compounds Produced by Psychobiotics. Advances
462 in Experimental Medicine and Biology 221-239 (2014). doi:10.1007/978-1-4939-0897-4_10
463 42. Murphy, J. et al. Comparative genomics and functional analysis of the 936 group of
464 lactococcal Siphoviridae phages. Sci. Rep. 6, (2016).

465 43. Chopin, A. Analysis of six prophages in Lactococcus lactis 1L1403: different genetic
466 structure of temperate and virulent phage populations. Nucleic Acids Res. 29, 644-651 (2001).
467 44. Hatfull, G. Dark Matter of the Biosphere: the Amazing World of Bacteriophage
468 Diversity. J. Vir. 89, 8107-8110 (2015).

469 45. Scheperjans, F. et a. Gut microbiota are related to Parkinson's disease and clinical
470 phenotype. Mov. Disord. 30, 350-358 (2014).

471 46. McMurdie, P. J. & Holmes, S. phyloseq: An R Package For Reproducible Interactive
472 Analysis And Graphics Of Microbiome Census Data. PloSone 8, e61217 (2013).

473 47. Unger, M. et a. Short chain fatty acids and gut microbiota differ between patients with
474 Parkinson's disease and age-matched controls. Parkinsonism Relat. Disord. 32, 66-72 (2016).
475 48. Scheperjans, F. Gut microbiota, 1013 new pieces in the Parkinson’ls disease
476 puzzle. Curr. Opin. Neurol. 29, 773-780 (2016).

477 49. Asano, Y. et al. Critical role of gut microbiota in the production of biologically active,
478 free catecholamines in the gut lumen of mice. Am. J. Physiol. Gastrointest. Liver Physiol. 303,
479  G1288-G1295 (2012).

15


https://doi.org/10.1101/305896

bioRxiv preprint doi: https://doi.org/10.1101/305896; this version posted April 22, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

480 50. Wang, Y. et a. Lactobacillus rhamnosus GG culture supernatant ameliorates acute
481 alcohol-induced intestinal permeability and liver injury. Am. J. Physiol. Gastrointest. Liver
482 Physiol. 303, G32-G41 (2012).

483 51. Madsen, K. Enhancement of epithelial barrier function by probiotics. J. Epithel. Biol.
484 Pharmacol., 5 (2012).

485 52. Wu, S, Yi, J, Zhang, Y., Zhou, J. & Sun, J. Leaky intestine and impaired microbiome in
486 an amyotrophic lateral sclerosis mouse model. Physiol. Rep. 3, 12356 (2015).

487 53. Roossinck, M. The good viruses: viral mutualistic symbioses. Nat. Rev. Microbiol. 9, 99-
488 108 (2011).

489 54. Bryan, D., El-Shibiny, A., Hobbs, Z., Porter, J. & Kutter, E. Bacteriophage T4 Infection
490 of Stationary Phase E. coli: Life after Log from a Phage Perspective. Front. Microbiol. 7,
491 (2016).

492 55. Jarvis, A. et a. Species and Type Phages of Lactococcal Bacteriophages. Intervirology
493 32,2-9(1991).

494 56. Samson, JE., Belanger,M., & Moineau, S. Effect of the abortive infection mechanism and
495 type Il toxin/antitoxin system AbiQ on the Iytic cycle of Lactococcus lactis phages. J.
496 bacteriol 195, 3947-3956 (2013).

497 57. Chopin, M., Chopin, A., & Bidnenko E. Phage abortive infection in lactococci:
498 variations on atheme. Curr opin microbiol 8, 473-479 (2005).

499 58. Lyte, M. & Cryan, J. Microbial endocrinology.

500 59. Pfeiffer, R. Gastrointestinal dysfunction in Parkinson's disease. Lancet Neurol. 2, 107-
501 116 (2003).

502 60. Mirzae, M. & Maurice, C. Ménage a trois in the human gut: interactions between host,
503 bacteria and phages. Nat. Rev. Microbiol. 15, 397-408 (2017).

504 61. Atamer, Z. et a. Screening for and characterization of Lactococcus lactis bacteriophages
505 with high thermal resistance. Int. Dairy J. 19, 228-235 (2009).

506 62. Marco, M., Moineau, S. & Quiberoni, A. Bacteriophages and dairy
507 fermentations. Bacteriophage 2, 149-158 (2012).

508 63. Rousseau, G. & Moineau, S. Evolution of Lactococcus lactis Phages within a Cheese
509 Factory. Appl. Environ. Microbiol. 75, 5336-5344 (2009).

510 64. Murphy, J. et al. Biodiversity of lactococcal bacteriophages isolated from 3 Gouda-type
511 cheese-producing plants. J. Dairy Sci. 96, 4945-4957 (2013).

512 65. Edgar, R. Search and clustering orders of magnitude faster than BLAST. Bioinformatics
513 26, 2460-2461 (2010).

16


https://doi.org/10.1101/305896

bioRxiv preprint doi: https://doi.org/10.1101/305896; this version posted April 22, 2018. The copyright holder for this preprint (which was not

514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

66. Franzosa, E. et a. Relating the metatranscriptome and metagenome of the human
gut. Proc. Natl. Acad. Sci. USA 111, E2329-E2338 (2014).

67. Nurk, S et a. "metaSPAdes: a new versatile metagenomic assembler.” Genome Res.
27.5, 824-834 (2017).

68. McMurdie, P. J. & Holmes, S. phyloseg: An R Package For Reproducible Interactive
Analysis And Graphics Of Microbiome Census Data. PloSone 8, 61217 (2013).

17


https://doi.org/10.1101/305896

bioRxiv preprint doi: https://doi.org/10.1101/305896; this version posted April 22, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

549
550 Figurelegends

551  Figure 1. Decreased bacteria richness in the microbiome of PD patients. (A) ACE, (B) Chaol
552 and a-diversity, (C) Shannon, (D) Simpson, and (E) inverse Simpson indexes, *p < 0.05
553  compared to control, (F) PCoA plots of B-diversity in PD and control samples based on Bray-
554  Curtis dissimilarity analyses of relative OTU composition in the samples. Each dot represents a
555  scaled measure of the composition of a given sample, colour- and shape-coded according to the
556 group.

557

558  Figure 2. Comparison of relative abundance of predominant bacteriain PD patients and healthy
559  participants. Faecal bacterial communities were analysed by high-throughput I[llumina
560 Hisegd000 sequencing. Relative abundances of bacterial genera (A) and families (B) across
561  control and PD groups.

562

563  Figure 3. Phagobiome richness in PD patients and healthy individuals. (A) ACE, (B) Chaol and
564  o-diversity, (C) Shannon, (D) Simpson, and (E) inverse Simpson indexes. Bacteriophage
565  population diversity in PD patients and healthy individuals. (F) B-Diversity of phagobiota was
566 measured using Spearman index. The X axis indicates samples and the Y axis shows
567 Spearman index values: 0.5 means low difference and 1 means high difference (i.e., all
568  species are different) in species diversity between samples. (G) PCoA plots of bacteriophage 3-
569  diversity based on Bray-Curtis dissimilarity analyses. Each dot represents a scaled measure of
570  the composition of a given sample, colour- and shape-coded according to the group.

571

572  Figure 4. Comparison of relative abundance of predominant bacteriophage families. Faecal
573  bacteriophage communities were anaysed by high-throughput [Ilumina Hiseq4000 sequ