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Background: A century ago, a mystery between a virus and Parkinson’s disease (PD) was described. Owing 
to the limitation of human brain biopsy and the challenge of electron microscopy in observing virions in 
human brain tissue, it has been difficult to study the viral etiology of PD. Recent discovery of virobiota 
reveals that viruses coexist with humans as symbionts. Newly developed transcriptomic sequencing and 
novel bioinformatic approaches for mining the encrypted virome in human transcriptome make it possible 
to study the relationship between symbiotic viruses and PD. Nevertheless, whether viruses exist in the 
human substantia nigra (SN) and whether symbiotic viruses underlie PD pathogenesis remain unknown. 
Methods: We collected current worldwide human SN transcriptomic datasets from the United States, the 
United Kingdom, the Netherlands, and Switzerland. We used bioinformatic approaches including viruSITE 
and the Viral-Track to identify the existence of viruses in the SN of patients. The comprehensive RNA 
sequencing-based virome analysis pipeline was used to characterize the virobiota in the SN. The Pearson’s 
correlation analysis was used to examine the association between the viral RNA fragment counts (VRFCs) 
and PD-related human gene sequencing reads in the SN. The differentially expressed genes (DEGs) in the 
SN between PD patients and non-PD individuals were used to examine the molecular signatures of PD and 
also evaluate the impact of symbiotic viruses on the SN. Findings: We observed the existence of viruses in 
the human SN. A dysbiosis of virobiota was found in the SN of PD patients. A marked correlation between 
VRFC and PD-related human gene expression was detected in the SN of PD patients. These PD-related 
human genes correlated to VRFC were named as the virus-correlated PD-related genes (VPGs). We identified 
3 bacteriophages (phages), including the Proteus phage VB_PmiS-Isfahan, the Escherichia phage phiX174, 
and the Lactobacillus phage Sha1, that might impair the gene expression of neural cells in the SN of PD 
patients. The Proteus phage VB_PmiS-Isfahan was a common virus in the SN of patients from the United 
Kingdom, the Netherlands, and Switzerland. VPGs and DEGs together highlighted that the phages might 
dampen dopamine biosynthesis and weaken the cGAS-STING function. Interpretation: This is the first 
study to discover the involvement of phages in PD pathogenesis. A lifelong low symbiotic viral load in the 
SN may be a contributor to PD pathogenesis. Our findings unlocked the black box between brain virobiota 
and PD, providing a novel insight into PD etiology from the perspective of phage–human symbiosis.

Introduction

   Parkinson’s disease (PD) is characterized by loss of dopaminer-
gic neurons in the substantia nigra (SN), involuntary shaking, 
and muscle rigidity [  1 –  3 ]. Pathological hallmarks of PD include 
neuroinflammation [  4 –  7 ], imbalanced protein homeostasis 
[  8 –  11 ], oxidative stress [  12 –  15 ], cell aging [  16 ], and regulation 
of neurotransmitter and neuronal apoptosis [  17 –  21 ]. Since the 
1918 influenza pandemic, association between viruses and 
PD has been debated [  22 –  28 ]. For a century, clinical evidence 

reveals that virus may cause PD-like symptoms [  29 ,  30 ]. Incidence 
of PD was lower in patients who received antiviral therapy 
[  31 ,  32 ]. Thus, there is a need to study the mechanism by which 
the virus may affect PD pathogenesis.

   In recent years, the discovery of virobiota reveals that viruses 
coexist with humans as symbionts [  33 –  42 ]. The human body 
is colonized with substantial communities of viruses [  43 ], termed 
“virobiota” [  44 ]. Bacteriophages (phages) are the most abun-
dant viral entities in humans and also the major component 
of intestinal virobiota [  45 –  47 ]. Phages can be disseminated 
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throughout human tissues [  48 ] and can cross the blood–brain 
barrier (BBB) to access the brain [  49 –  54 ]. In mammalian cells, 
phages can enter organelles, maintain long-term residence, and 
affect cell function [  55 –  58 ]. Phage genomes can be integrated 
into human chromosomes [  59 ], and phage gene transcripts 
can be detected in human cells [  60 ,  61 ]. In the brain, phages 
can enter neural cells to cause neuroinflammation or neuro-
nal death [ 55 ,  56 ,  62 ,  63 ]. Together, these studies suggest that 
viruses/phages may affect the function of mammalian cells. 
However, whether viruses/phages exist in the human SN and 
whether viruses/phages may be linked to PD pathogenesis 
remain unknown.

   Next-generation sequencing becomes novel approach to 
identify and characterize virobiota in tissues [  64 ]. Sequencing 
of viral mRNA fragments that encrypted in human transcrip-
tome reveal viral involvement in human diseases [  65 ]. Newly 
developed bioinformatic approaches, viruSITE [  66 ] and Viral-
Track [ 64 ], are designed for mining the encrypted virome in 
transcriptome of host tissues. Correlation analysis between 
viral RNA fragment counts (VRFCs) and human host gene 
sequencing reads can uncover the relationship between virus 
and human diseases [  67 ,  68 ]. Genome-wide microarray datasets 
of human SN also contribute to characterize PD-related gene 
expression [  69 –  74 ]. Therefore, worldwide RNA-sequencing 

(RNA-seq)/microarray studies performed on autopsy SN 
samples of PD patients can provide resources for exploring 
the link between the SN virobiota and PD pathogenesis. In 
this study, by using transcriptomic datasets of SN samples 
from Geneva University Hospitals, Netherlands Brain Bank, 
and Parkinson’s UK Brain Bank, we identified a viral existence 
in the SN and a strong correlation between VRFCs of phages 
and PD-related human gene expression in the SN of PD 
patients. Our findings discovered that brain virobiota may 
underlie PD pathogenesis.   

Results

Characteristics of RNA-seq/microarray datasets of 
the SN of PD patients
   Worldwide PD brain RNA-seq datasets from the United Kingdom, 
the Netherlands, and Switzerland were collected (Fig.  1 ); microar-
ray datasets from the United States, the United Kingdom, and the 
Netherlands were enrolled (Tables S1 and  S2 ). There are compa-
rable PD prevalence, average life expectancy, and gender com-
position among these countries. To ensure comparability and 
homogeneity of raw data, “Combat” method was used to correct 
batch effects, when required (Fig.  2 ).                   

Fig. 1. Enrollment and analysis of datasets.
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Viral sequences were detected in the human SN
   Viral mRNA fragments were detected in the SN samples. These 
viruses included the phages that host gut microbiota, the 
viruses that host primates, and the viruses that host plants and 
arthropods ( Table  and Table  S3 ). The Proteus phage VB_PmiS-
Isfahan and the Escherichia phage Lambda_ev017 were com-
mon viruses in the SN of patients from these countries, showing 
that the viral population distribution may be geographically 
related (Fig.  3 ). These findings revealed an existence of viruses 
in the human SN, suggesting that the human SN may be colo-
nized by commensal virobiota.            

Dysbiosis of virobiota in the SN of PD patients
   In SN samples, 11 viral families were detected (Fig.  4 A). In PD 
patients, viral families Peduoviridae, Microviridae, and Auto
graphiviridae were enriched, whereas viral family Siphoviridae 
was diminished, as compared with non-PD individuals 
(Fig.  4 B). To explore difference in composition of the SN viro-
biota between groups, we quantified the presence ratio of core, 
common, and unique viral species (corresponding to viral spe-
cies shared among >80%, 30% to 80%, and <30% of the indi-
viduals, respectively). In the SN of PD patients, the core 
species accounted for higher proportion, whereas unique 

Fig. 2. Flowchart of bioinformatic analysis pipelines.
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species was diminished (Fig.  4 C). Richness (Chao1) and diver-
sity (Shannon) of virome in the SN did not differ between 
groups (Fig.  4 D and E). Composition of virome in the SN of 2 
groups was separated into 2 distinct clusters. Viral community 
dissimilarity among PD patients was higher than that of non-
PD individuals (Fig.  4 F and G). Analysis of differentially pres-
ent taxa at the species level shows a remarkable difference in 
viral community structures between groups (Fig.  4 H). Together, 
these findings uncovered a dysbiosis in the SN virome of PD 
patients, suggesting that altered species proportion and viro-
biota dysbiosis may be associated with PD pathogenesis.           

A strong negative correlation between VRFC of  
the Proteus phage VB_PmiS-Isfahan and human  
PD-related gene sequencing reads in the  
SN of PD patients
   To explore whether gene activity of symbiotic viruses in the SN 
may underlie PD pathogenesis, correlation analysis between 
VRFCs and PD-related human gene expression was performed 
(Fig.  5 ). Based on GSE114517 dataset, a strong negative correla-
tion between VRFCs of phages and PD-related human gene 
expressions (tyrosine hydroxylase, TH, a dopamine synthetase, 

Table. Viruses of nearest match identified in the SN of PD patients

Viral family Virus of nearest match
% Nucleotide 

identity

Contig  
size range  

(nucleotides) Main reported host
Baltimore  
classification

 Siphoviridae ﻿Escherichia phage 
Lambda_ev017

100 35–79 ﻿Escherichia﻿  I: dsDNA

 Siphoviridae ﻿Proteus phage 
VB_PmiS-Isfahan

100 50–510 ﻿Proteus mirabilis﻿  I: dsDNA

 Siphoviridae ﻿Lactobacillus phage Sha1 100 53–122 ﻿Lactobacillus sp.  I: dsDNA

 Siphoviridae ﻿Escherichia phage DE3 100 52–150 ﻿Escherichia coli BL21(DE3)  I: dsDNA

 Casjensviridae ﻿Salmonella phage TS13 100 43–68 ﻿Salmonella enterica﻿  I: dsDNA

 Casjensviridae  Salmonella phage BPS1 97 33–52 ﻿Salmonella enterica subsp  I: dsDNA

 Myoviridae ﻿Faecalibacterium phage 
FP_Toutatis

100 47–117 ﻿Faecalibacterium prausnitzii﻿  I: dsDNA

 Peduoviridae ﻿Escherichia phage 
ESSI2_ev239

100 35–93 ﻿Escherichia﻿  I: dsDNA

 Peduoviridae ﻿Escherichia phage 500465-1 100 87–364 ﻿Escherichia coli﻿  I: dsDNA

 Peduoviridae ﻿Klebsiella phage 
ST437-OXA245phi4.1

100 45–134 ﻿Klebsiella pneumoniae﻿  I: dsDNA

 Retroviridae  Human endogenous 
retrovirus K113

100 53–136 ﻿Homo sapiens﻿  VI: ssRNA-RT

 Retroviridae  Mason–Pfizer monkey virus 100 61–68 ﻿Macaca mulatta﻿  VI: ssRNA-RT

 Microviridae ﻿Escherichia phage phiX174 100 53–5,386 ﻿Escherichia coli﻿  II: ssDNA (+)

 Microviridae ﻿Escherichia phage NC29 99 92 ﻿Escherichia﻿  II: ssDNA (+)

 Autographiviridae ﻿Acinetobacter phage 
AbKT21phiIII

94 52–63 ﻿Acinetobacter baumannii﻿  I: dsDNA

 Rountreeviridae ﻿Staphylococcus phage Andhra 95 29–56 ﻿Acanthamoeba castellanii﻿  I: dsDNA

 Polydnaviriformidae ﻿Diolcogaster facetosa 
bracovirus

100 55–93 ﻿Glyptapanteles flavicoxis﻿  I: dsDNA

 Baculoviridae ﻿Choristoneura fumiferana 
granulovirus

100 36–77 ﻿Choristoneura fumiferana﻿  I: dsDNA

 Tospoviridae  Pepper chlorotic spot virus 93 71  Peppers  V: ssRNA (−)

 Peribunyaviridae  Shamonda orthobunyavirus 94 87 ﻿Bos taurus﻿  V: ssRNA (−)

 Alphaflexiviridae  Pepino mosaic virus 96 67 ﻿Solanum lycopersicum﻿  IV: ssRNA (+)

 NA  Enterobacteria phage P7 100 35–360 ﻿Escherichia coli﻿  I: dsDNA

 NA ﻿Stenotrophomonas phage 
Mendera

96 56 ﻿Stenotrophomonas 
maltophilia﻿

 I: dsDNA

 NA ﻿Lactobacillus phage Lb 100 73–116 ﻿Lactobacillus brevis ATCC 367  I: dsDNA

 NA  Nora virus 98 84–113 ﻿Drosophila melanogaster﻿  IV: ssRNA (+)

 NA ﻿Drosophila A virus 99 77–176 ﻿Drosophila melanogaster﻿  IV: ssRNA (+)
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etc.) was detected in the SN of PD patients; pathways affected 
by these phages were similar in PD pathophysiology, although 
the phages belong to different genera and families (Fig.  S2 A to 
C and Tables  S4  to  S6 ). We named these human PD-related 
genes that are correlated to the VRFC as “the virus-correlated 
PD-related genes (VPGs)”. The VPGs suppressed by the phages 
were enriched for the PD-related pathways including cGAS-
STING response, oxidative stress, and apoptosis (Fig.  S2 D and 
E and Table  S7 ). The protein–protein interaction (PPI) network 
revealed 322 pairs of interactions among these VPGs (Fig. 
 S1 A). The top 19 VPGs with more than 15 interactions were 
shown in bar plot (Fig.  S1 B). A strong correlation coefficient 
among the VPGs was observed in PD patients (Fig.  S1 C). Venn 
analysis revealed a large overlap of 1,313 genes among the VPGs 
affected by 3 phages (Fig.  S2 F). The Proteus phage VB_PmiS-
Isfahan was a common virus in the SN of patients from these 
countries. Likewise, based on all 5 datasets, similar results 
between VRFCs of the Proteus phage VB_PmiS-Isfahan and 
PD-related human gene expression in the SN of PD patients 
were also observed (Fig.  6 ). Table  S8  outlines the key phages 
associated with PD pathogenesis and phage-affected PD path-
ways. No significant differences were observed in VRFC of 
these phages across groups, indicating that gene expressions 
of these viruses were comparable between datasets (Fig.  S3 ). 
Together, these suggest that phages may disrupt human gene 
expression in the SN to inhibit dopamine biosynthesis, neural 
growth factors, and antiviral factors. Symbiotic virobiota may 
increase the risk of PD.                   

DEGs reveal a potential association between 
symbiotic viruses and PD pathogenesis
   Differentially expressed genes (DEGs) reflect molecular signa-
tures of PD. A total of 151 DEGs were identified (Fig.  7 A and 

Table  S9 ). These DEGs were enriched for dopamine biosynthe-
sis, cGAS-STING pathway, and response to the virus (Fig.  7 B 
to D). PPI analysis of DEGs revealed similar results with VPGs 
(Fig.  S4 C and D). Receiver operating characteristic (ROC) 
curve analysis showed that these DEGs can differentiate PD 
patients from non-PD patients (Fig.  S4 E and F), demonstrating 
that cGAS-STING and antiviral systems may be involved in 
PD pathogenesis. Venn diagram also highlighted the impor-
tance of dopamine biosynthesis and cGAS-STING system in 
PD etiology (Fig.  8 ). Overall, similar to VPGs, DEGs uncovered 
a suppressed antiviral cGAS-STING pathway in the SN of PD 
patients, validating for the first time that symbiotic virobiota 
underlies PD pathogenesis, and provided a novel insight into 
the understanding of PD pathogenesis from the perspective of 
virus–human symbiosis (Fig  9 ).                           

Intra-SNc viral challenge pathologically affects 
neural cells
   To experimentally test whether the virus could affect the sub-
stantia nigra pars compacta (SNc) neural cells, and whether 
treatment with the virus may cause PD-related pathological 
processes, we injected herpes simplex virus-1 (HSV-1) into 
bilateral SNc of the mice and assessed viral and PD-related bio-
chemical markers at day 7 after injection. The experimental 
procedure was described in Fig.  S5 A. The expression of infected-
cell polypeptide 4 (ICP 4), a transcriptional regulatory protein 
that is essential for gene transcription of the virus, was detected 
during this acute phase of treatment. Notably, we found that the 
virus can infect dopaminergic neurons, astrocytes, and microg-
lia (Fig.  S5 B to D). A reduced TH immunoreactivity, a loss of 
dopaminergic neurons, and an increased neuroinflammatory 
morphology of reactive astrocytes and microglia were observed, 
as compared with those of phosphate-buffered saline (PBS)-
treated mice (Figs.  S6 ,  7 A and B, and  8 A and B). Of note, the 
expression of ICP4, decreased TH+ fiber density, and reduced 
TH immunoreactivity were also detected in the striatum (Fig. 
 S9 A to D). Taken together, these results validated that the virus 
may affect SNc neural cells and the nigrostriatal pathway, sug-
gesting that these may be linked to PD-related pathogenesis.   

Intra-SNc viral challenge induces parkinsonism
   To experimentally examine whether the virus could induce 
parkinsonism, we evaluated PD-related biochemical markers 
and behaviors in month 5 after intra-SNc viral injection. The 
experimental procedure was described in Fig.  S10 A. We found 
a reduced TH immunoreactivity, a loss of dopaminergic neu-
rons, and an increased number of astrocytes and microglia in 
the SNc, compared with that of the PBS-treated group (Figs. 
 S10 B to D and  11 A and B). Decreased TH+ fiber density and 
reduced TH immunoreactivity were detected in the striatum 
treated with the virus (Fig.  S12 A to C). Pole descent, rotarod 
test, beam traversal, hindlimb clasping reflexes, and gait test 
revealed that viral challenge may lead to impaired motor coor-
dination and balance (Fig.  S13 ). Taken together, these results 
suggest that intra-SNc viral challenge may cause PD-related 
molecular and behavioral phenotypes.    

Discussion
   For a century, the association between viruses and PD patho-
genesis has been debated, but largely ignored or dismissed as 
controversial [ 30 ]. The link between viruses and PD has been 

Fig. 3. Identification of viral species in the SN samples from the brain banks of the 
United Kingdom, the Netherlands, and Switzerland.
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defined as one of the medical mysteries, because clinical studies 
have shown that there was no history of an overt episode of 
viral infection in the vast majority of PD patients [ 28 , 29 ]. In 
2022, viruses were observed in the amygdala, median temporal 

gyrus, SN, intestine, and blood of PD patients, showing that 
the positive rates of viruses in PD patients might be higher than 
those in non-PD individuals [  75 ]. New concepts of “Virobiota” 
[ 44 ] and “Virome” [  76 ] are put forward, revealing a new landscape 

Fig. 4. Dysbiosis of virobiota in the SN of PD patients. (A) Bubble plot showing the read abundances of different viral families in the SN virome. Read counts are log2-
transformed and represented by the point sizes. (B) Proportion of viral families in the SN virome. (C) Proportion of core, common, and unique viral species in the SN virome. 
The core species, common species, and unique species correspond to viral species shared among >80%, 30% to 80%, and <30% of studied group, respectively. (D and E) 
Comparison of α-diversity of the SN virome based on Chao1 richness index (D) and Shannon diversity (E). n.s., not significant. Statistical significance was determined by t 
test. (F) Principal coordinate analysis (PCoA) plot of the Bray–Curtis distance showing the PD patients and non-PD individuals. Statistical significance for the Bray–Curtis 
distance was determined by PERMANOVA with permutations done 999 times. (G) Comparison of within-group SN virome Bray–Curtis dissimilarities between PD patients 
and non-PD individuals. Statistical significance was determined by t test. ***P < 0.001. (H) Differential viral taxa between PD and non-PD at the species level. Differentially 
enriched viral species were determined by DESeq2 analysis. For viral abundance box plots, the boxes extend from the first to the third quartile (25th to 75th percentiles), with 
the median depicted by a horizontal line. RPKM, reads per kilobase per million mapped reads. *P < 0.05 and **P < 0.01.
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of virus–human symbiosis, suggesting a potential association 
between symbiotic virobiota and PD pathogenesis. Nevertheless, 
the limitation of human brain biopsy and the difficulty for elec-
tron microscope in observing virions have been the major hurdles 
for deciphering whether or not viruses exist in human SN [  77 ].

   In this study, using worldwide RNA-seq datasets of the SN of 
PD patients [  78 –  82 ], we observed the existence of viruses/virobiota 

in the human SN. We unveiled a dysbiosis in the SN virobiota of 
PD patients. We found that the phages that host the gut microbiota 
may be predominant in the SN virobiota of PD patients (Fig.  6 ). 
These observations suggest that virobiota may exert a lifelong influ-
ence on neural cells and finally may cause the loss of dopaminergic 
neurons in the SN. The phages that host the gut microbiota may 
enter the SN to live in symbiosis with dopaminergic neurons. The 

Fig. 5. Enrollment of datasets and correlation analysis between VRFC and PD-related human gene expression.
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Fig. 6. A strong negative correlation between VRFC of the Proteus phage VB_PmiS-Isfahan and PD-related human gene expression in the SN of PD patients. (A) Paired box 
plots showing changes of the correlations between VRFC of the Proteus phage VB_PmiS-Isfahan and PD-related human gene expression in the SN of PD patients and non-PD 
individuals. Top and bottom edges represent the first and third quartiles, respectively; the center line represents the median. The P values were calculated using the Wilcoxon 
matched-pairs test. ***P < 0.001. (B) Hierarchical clustered heatmap of correlation profiles between VRFC of the Proteus phage VB_PmiS-Isfahan and PD-related human 
gene expression in the SN of PD patients and non-PD individuals. In the heat map, each column represents a phage, and each row represents a human gene. Red denotes 
negative correlation, and blue denotes positive correlation. (C) Heatmap of correlation profiles between VRFC of the Proteus phage VB_PmiS-Isfahan and expression of PD-
related genes in the SN of PD patients and non-PD individuals. (D) Venn diagram showing the overlapping PD-related genes and pathways between non-PD individuals and 
PD patients of the Proteus phage VB_PmiS-Isfahan.
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Fig. 7. DEGs reveal a potential association between symbiotic phages and PD pathogenesis. (A) Hierarchical clustered heatmap of DEGs in the SN of PD patients and non-PD 
individuals. (B) Volcano plot displays DEGs in the SN of PD patients compared with non-PD individuals. Up-regulated genes are colored in red, down-regulated genes are colored 
in blue, and insignificantly altered genes are colored in gray. (C) GO and KEGG enrichment analysis of DEGs. (D) Expression level of genes. The total relative expression levels of 
genes are shown as median and 95% confidence interval. The relative expression level of genes in the SN of PD patients (n = 118) and non-PD individuals (n = 111). Statistical 
significance was determined by Wilcoxon test, ***P < 0. 001.
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phages may be the main bridge between intestinal flora and PD 
pathogenesis. Together, we show that the virobiota in the SN may 
underlie PD etiology (Fig.  9 ).

   The Proteus phage VB_PmiS-Isfahan is a phage that infects 
﻿Proteus mirabilis [  83 ], which is one of the dominant human gut 
bacteria [  84 ]. This phage is present in semen and may be associ-
ated with the male fertility [  85 ]. This phage is one of the top 
abundant viral strains in nasopharyngeal specimens of non-
COVID individuals [  86 ], and it can also be detected in pan-
cancer samples [  87 ]. In this study, we found that the Proteus 
phage VB_PmiS-Isfahan was a common virus in the SN of 
PD patients from the United Kingdom, the Netherlands, and 
Switzerland. The human gene expressions dampened by the 
﻿Proteus phage VB_PmiS-Isfahan were enriched for PD-related 
pathways including cGAS-STING response, dopamine metabolic 

process, oxidative stress, and apoptosis (Fig.  6 ). The Escherichia 
phage phiX174 is a phage that infects Escherichia coli [  88 ], which 
is an indicator of normal intestinal flora of humans. In 1962, 
Fiers and Sinsheimer [  89 ] identified the phage phiX174 as a 
single-stranded DNA virus. In 1967, Kornberg and colleagues 
[  90 ] used the phage phiX174 as the first in vitro model to prove 
that the synthesized DNA produces all the features of the natural 
virus. As the first DNA-based genome, Frederick Sanger’s group 
sequenced the genome of the phage phiX174 in 1977 [  91 ,  92 ]. 
The phage phiX174 can induce humoral immune response 
[  93 ], and thus, it has been used to evaluate humoral immune 
function [ 93 –  97 ]. The phage phiX174 genome can be inte-
grated into human lymphocyte genome [  98 ]. The Lactobacillus 
phage Sha1 is a phage that infects Lactobacillus [  99 ], and it 
is increased in the gut virobiota of older adults with mild 

Fig. 8. The overlapping genes between VPGs and DEGs in the SN.
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cognitive impairment [  100 ]. In this study, we observed a 
strong negative correlation between VRFC of these phages 
and PD-related human gene expression in the SN of PD 
patients (Fig.  S2 ). Together, these findings reveal the impor-
tance of studying the relationship between phages and etiol-
ogy of human diseases such as PD.

   Dysbiosis of virobiota is involved in the onset and progres-
sion of diseases [ 44 ,  101 ,  102 ]. Species of phages was decreased, 
whereas viral community dissimilarity was higher in the gut 
virome of patients with ulcerative colitis than controls [  103 ,  104 ]. 
There is a difference in the gut virome between obese patients 
with type 2 diabetes mellitus and healthy controls [ 101 ]. In 
this study, we found that virome composition in the SN of PD 
patients and non-PD individuals was separated into 2 distinct 
clusters. The viral community dissimilarity among PD patients 
was higher than controls. The core species of viruses was higher, 
whereas unique species of viruses was lowered in the SN of PD 
patients compared with controls (Fig.  4 ). Overall, these results 
suggest that dysbiosis of virobiota in the SN may be involved 
in PD pathogenesis.

   Cnaphalocrocis medinalis granulovirus is the most prevalent 
virus in the gut virome of patients with hypertension, whereas 
this virus is not a contributor to the hypertension [ 102 ]. Similarly, 
in this study, we found that the abundance of the Acinetobacter 

phage AbKT21phiIII and the Escherichia phage ESSI2_ev239 
was enriched, whereas the abundance of the Escherichia phage 
Lambda_ev017 was diminished in virobiota of the SN of PD 
patients, and the viral gene expression of these phages was not 
correlated with PD-related human gene expression. These obser-
vations suggest that the abundance of symbiotic viruses in the 
SN may not be a hallmark of PD pathogenesis, reflecting a 
complex etiologic connection between symbiotic virobiota and 
human diseases.

   Phages may cause neuroimmune responses of eukaryotic cells. 
A phage cocktail stimulates interferon-γ (IFN-γ) production in 
dendritic cells [  105 ]. Staphylococcus phage reduces lipopolysac-
charide-induced high levels of interleukin-1β (IL-1β) and IL-6 in 
mammary alveolar epithelial cells [  106 ]. Phage lysates up-regulate 
IL-1β and IL-6 in peripheral blood mononuclear cells [  107 ]. In this 
study, we found that VRFCs of the Proteus phage VB_PmiS-
Isfahan, the Escherichia phage phiX174, and the Lactobacillus 
phage Sha1 were negatively correlated with the gene expression of 
proinflammatory cytokines, cGAS-STING pathway, and antiviral 
immunity. Together, these findings suggest that symbiotic phages 
in the SN may cause neuroinflammation and disrupt antiviral 
immune responses, which may contribute to PD pathogenesis.

   The cGAS-STING system acts as a sensor for cytosol viral 
DNA upon viral infection and phage invasion [ 105 ,  108 –  112 ]. 

Fig. 9. Schematic summary of hypothesized mechanism underlying the virobiota, phages, gut microbiota, and PD pathogenesis. The discovery of symbiotic virobiota in the SN. 
A symbiotic phages and the dysbiosis of virobiota in the SN may underlie PD pathogenesis. The phages may be one of the bridges between gut microbiota and PD pathogenesis.
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Activation of cGAS-STING initiates anti-phage immune response 
to restrict phage activity [  113 –  121 ]. The virus can inhibit the 
DNA-sensing function of the cGAS-STING system in humans 
[  122 ]. In this study, we found that both VPGs and DEGs were 
enriched for cGAS-STING response, and the gene expression 
level of the cGAS-STING system was lowered in the SN of PD 
patients (Figs.  6  to  8 ). The cGAS-STING system gene expres-
sion was negatively correlated with phage gene expression in 
the SN of PD patients. Together, these findings suggest that 
cGAS-STING activity may be inhibited by symbiotic phages 
in the SN of PD patients, revealing a phage-suppressed 
cGAS-STING function in PD pathogenesis. The relief of 
phage-inhibited cGAS-STING activity may provide a promis-
ing strategy for prevention or treatment of PD.

   Epidemiological evidence shows that viral infection may 
precede the appearance of PD symptoms [  123 ]. In this study, 
the SN samples were from the PD patients aged between 
65 and 90 years. Considering the potential symbiosis, we 
reasoned that the virobiota–neural cell symbiosis in the SN 
may predate the PD onset.

   Amantadine, an anti-Parkinson agent [  124 ], also serves 
as an antiviral medication. Amantadine can inhibit phage 
assembly [  125 ]. Our previous study suggests that amantadine 
plays an antiviral role by activating the cGAS-STING pathway 
[  126 ]. These findings raise the possibility that amantadine 
may eliminate the symbiotic phages to relieve the death of 
dopaminergic neurons in the SN.

   Phages and eukaryotic viruses can enter neural cells to cause 
neuroinflammation or neuronal death. Bacteriophage 933W 
particles enter the brain limbic system to activate astrocytes 
and result in the death of the motor cortex neurons [ 63 ]. 
Intracerebral inoculation of Japanese encephalitis virus (JEV) 
induces the loss of SN dopaminergic neurons in rats [  127 ]. The 
rectally administered bacteriophages can cross the BBB and 
activate neural cells to trigger the neuroinflammation in mice 
[  52 ]. These studies suggest that the virobiota are implicated in 
the induction of the loss of SN dopaminergic neurons.

   Next-generation sequencing technology can probe viral 
mRNA fragments of intracellular viruses or viral episomes. 
RNA-seq can detect virobiota in postmortem SN tissues. In 
this study, sequencing read length ranged from 50 to 80 base 
pairs. The contigs longer than 50 nucleotides showing at least 
90% identity to reference viral genome were retained. This 
strategy guarantees high accuracy and sensitivity of virobiota 
annotation.

   Viral infection may increase BBB permeability. BBB does not 
constitute a barrier to phages [ 52 – 54 ,  128 ]. The filamentous phage 
M13 can cross BBB to access the brain after intranasal adminis-
tration in mice [ 49 ,  51 ,  129 ]. Phages can be delivered into the 
brain through entering peripheral immune cells by the “Trojan 
horse mechanism” [ 48 ,  130 ]. In this study, we found that gene 
expression of the phages was negatively correlated with BBB-
related gene expression (Fig.  S2 ). Together, we suggest that the 
phages may cross the BBB to symbiose with the SN.

   Phage-derived antimicrobials have been broadly applied in 
clinical treatment, food industry, and aquaculture [  131 –  133 ]. 
This strategy has been used to treat intestinal, skin, urinary, 
and respiratory infections [  134 ,  135 ]. Thus, to test whether 
phage-related therapy may lead to increased risk for PD, fur-
ther investigations are needed.

   Human–gut virome variation is influenced by geographic 
regions [  136 ]. Our findings revealed that virobiota composition 

in the human SN was geographically related. Therefore, we sug-
gest that SN samples of PD patients from more countries or 
regions are needed for assessing association between virobiota 
and PD pathogenesis.

   The visualization of phages in brain tissue has been proven 
to be difficult due to the limitation of anti-phage antibodies. 
Thus, it is challenging to delineate the relationship between 
phages and neurodegenerative diseases by means of intracere-
bral injection of phages. As a routine neurotropic viral model, 
HSV-1 is often used to experimentally test the relationship 
between the virus and neurodegenerative diseases [  137 –  145 ]. 
Therefore, in this study, by using stereotaxic injection of the 
virus into the SNc, we attempted to observe the influence of 
the viral existence in the SNc. We found that the virus could 
infect SNc dopaminergic neurons, astrocytes, and microglia 
and the nigrostriatal pathway. Moreover, the intra-SNc viral 
challenge caused PD-related molecular and behavioral phe-
notypes. Together, these observations validated that the virus 
could cause parkinsonism, and also implied that the phages, 
the most abundant types of viruses in the biosphere, might be 
linked to the PD pathogenesis.

   In summary, this is the first study to discover virobiota or 
phagebiota in the SN. A lifelong low viral load of symbiotic 
virobiota in the SN may be a contributor to PD pathogenesis. 
The phages that host gut microbiota may be implicated in PD 
etiology. Our observations unlocked the black box between 
phages and PD, pointing out a complex etiologic connection 
between symbiotic virobiota and human diseases, providing a 
novel insight into PD etiology from the perspective of phage–
human symbiosis. The further study of virobiota in the brain 
may shed light on PD pathogenesis and therapy.   

Methods

Prevention of microbial RNA and  
ribonuclease contamination
   To prevent microbial RNA or RNA enzyme contamination, 
sterile procedures for the SN dissection and collection were 
performed. For detailed information on the procedures of the 
SN dissection and collection, please refer to the brain bank 
websites: Netherlands Brain Bank ( https://www.brainbank.nl/
brain-tissue/autopsy/ ), the Parkinson’s UK Brain Bank ( https://
www.parkinsons.org.uk/research/parkinsons-uk-brain-bank ), 
and the Geneva University Hospitals ( https://www.hug.ch/en/
clinical-pathology ).   

Bioinformatic analysis
Data collection
   We used “Parkinson’s disease” as keywords to search for genome-
wide expression studies in the NCBI-GEO ( http://www.ncbi.
nlm.nih.gov/geo/ ) and European Genome-phenome Archive 
(EGA) platform ( https://ega-archive.org/ ). The inclusion cri-
teria included the following:

1. � The studies that were designed for exploring gene 
expression in the SN for PD patients and non-PD 
individuals were the first choice for inclusion.

2. � The study type was Gene Expression Profiling by RNA-
seq or microarray.

3. � The microarray studies comprised cell intensity file 
(CEL) raw files. Besides, to reduce the bias from 
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different microarray platform, only data from 2 widely 
used platforms Affymetrix Human Genome U133A 
and Affymetrix Human Genome U133 Plus 2.0 were 
considered.

   The raw RNA-seq data were retrieved from NCBI SRA data-
base ( https://www.ncbi.nlm.nih.gov/sra ) or generously shared 
by P. Lingor and L. C. Gomes on the EGA platform.

   We then performed analysis of 5 RNA-seq datasets (EGAD
00001006883, GSE169755, GSE114918, GSE136666, and GSE1
14517) and 5 microarray datasets (GSE20141, GSE49036, 
GSE7621, GSE8397, and GSE20292). Details of the datasets are 
provided in Table  S1 . The information of PD patients and non-
PD individuals in this study are provided in Table  S2 .   

Analysis of virome composition and structure in the SN
   To identify viral fragments from the RNA-seq data of the SN, the 
raw FASTQ sequencing reads were first preprocessed by fastp 
software (version 0.21.0, default parameters) [  146 ] for quality 
control and adaptor trimming. Then, the reads were aligned 
to a merged reference genome file combining human reference 
genome (hg38) and a comprehensive collection of 13,559 
virus genomes from viruSITE database ( http://www.virusite.org/
index.php , version 2021.2) [ 66 ] by using the STAR software (ver-
sion 2.7.8) [  147 ]. When running the STAR software, we adopted 
the parameters recommended by Viral-Track [ 64 ], which is a 
recently established computational pipeline for detecting viral 
reads from sequencing data. Based on the reads aligned to viral 
genome, viral read counts were obtained via Viral-Track to assess 
the abundance of each virus, i.e., VRFC. Instead of the built-in 
thresholds of Viral-Track, which were designed for the near full-
length viral gene detection purpose [ 64 ], 2 alternative criteria 
were applied for false-positive control for our purpose of viral 
fragment detection:

1. � Viral reads of each detected virus should be able to 
assemble short viral contigs. For each sample, all reads 
aligned to a virus genome were extracted by SAMtools 
(version 1.12) [148] and submitted to the Trinity contig 
assembly pipeline (version 2.13.2) [149] using the virus 
genome as the contig assembly reference and allowing 
no intron inside the contigs. Only assembled contigs 
longer than 50 nucleotides and showing at least 90% 
identity to the reference genome were retained.

2. � All viral reads considered in virus quantification should 
not be aligned to any chromosome of the human refence 
genome.

   To further assess the composition and structure of the SN 
virome, the viral read counts or the normalized viral RPKM 
(reads per kilobase per million reads mapped) were imported 
into R (version 4.0.2), as per the requirement of the software 
used in the subsequent analysis. Virus abundance, alpha diver-
sity, and beta diversity were calculated with R package phyloseq 
(version 1.32.0) and vegan (version 2.6.4). Permutational mul-
tivariate analysis of variance (PERMANOVA) implemented in 
vegan package was performed for Bray–Curtis dissimilarity. 
Data visualization was performed by R packages ggplot2 
(version 3.4.0) and aPCoA (version 1.3). The statistically 
significant differences between PD and non-PD groups were 
determined by 2-tailed Wilcoxon test using ggpubr (version 
0.4.0) and ggsignif (version 0.6.3) R packages, and a P value 
of <0.05 was considered statistically significant.   

Human gene expression quantification and its correlation 
with viral gene expression
   Raw FASTQ reads were preprocessed and aligned to human 
genome using the same method as above. Then, based on the 
reads aligned to the known genes in human reference genome, 
the human gene expressions were quantified by the feature-
Counts method of Rsubread R package (version 2.4.3) [  150 ], 
using the standard Ensembl gene annotation reference ( http://
www.ensembl.org/ , version 104) and default parameters. Pearson’s 
correlation between virus expression and human gene expres-
sion in PD and non-PD patients was calculated using the cor.
test function in R. We focused on the correlations regarding 
PD-related pathological genes. The PD-related human genes 
correlated to VRFC were termed VPGs. The correlation heat-
map was generated using the pheatmap R package (version 
1.0.12). The paired box plot was generated by the ggpubr R 
package (version 0.4.0), and the Wilcoxon signed-rank test was 
implied by the ggsignif R package (version 0.6.4).   

Differential expression analysis and functional  
enrichment analysis
   Both RNA-seq and microarray-based gene expression profiles 
were considered in the differential expression analysis. To be 
scalable to the microarray data, the gene expression values from 
RNA-seq data were firstly transformed to log2(x + 1). As for 
the microarray data, the raw CEL files were processed using 
the robust multichip average (RMA) method for background 
correction and normalization, which is implemented in the affy 
(version 1.68.0) and gcrma (version 2.62.0) R packages. After 
removing duplicated gene probes and unspecific probes, all 
probes were mapped to single Entrez Gene IDs according to 
the corresponding probe annotation files. Data from RNA-seq 
and microarray datasets were merged based on their shared genes, 
resulting in a gene expression matrix covering 12,180 genes.  
Batch effects were supervised by principal components analysis 
(PCA) method and removed using the ComBat function of 
the sva R package (version 3.38.0). Negative expression values 
introduced during batch effect removal were truncated to zero. 
Differential gene expression analysis was carried out by the 
limma R package (version 3.46.0), and genes with a P value 
of <0.05 and |log2 (Fold change) | > 1 were considered significant 
DEGs. Gene Ontology (GO) and Kyoto Encyclopedia of Genes 
and Genomes (KEGG) analyses for these DEGs were based on 
the Metascape database ( http://metascape.org/gp/index.html#/
main/step1 ), and a functional term with corrected P value < 0.05 
was considered significantly enriched. The expression heatmap 
of all DEGs was plotted using pheatmap R package (version 
1.0.12). The GO biological process network of DEGs was carried 
out by BiNGO [  151 ] tool in Cytoscape software [  152 ].

   The STRING 11.5 database was used to predict the interac-
tions of DEGs and virus-related genes identified in the study and 
to map the PPI network [  153 ]. We selected the data analysis 
mode and default PPI confidence threshold of the STRING data-
base to construct the PPI network. The protein networks were 
visualized by Cytoscape software [ 152 ] and analyzed by the 
Network Analyzer tool based on degree. The degree indicates 
the number of interactions of each protein. We compared the 
relative expression of the DEGs across 5 RNA-seq datasets in 
this study. To assess the diagnostic value of DEGs, we compared 
the expression of the hub node genes (i.e., genes with interactions 
> 5). A ROC curve was performed, and the ROC curve for each 
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hub gene and their combination were calculated to screen for a 
better diagnostic potential.    

Mice and animal care
   Male C57BL/6 mice were procured from Charles River Lab
oratories Beijing Branch (operating as Beijing Vital River 
Laboratory Animal Technology Co. Ltd.) and the Department 
of Laboratory Animal Science at the Peking University Health 
Science Center. All experimental protocols involving these mice 
were duly reviewed and received approval from the Institutional 
Care and Use Committee of the Peking University Health 
Science Center, under approval number LA2019340. The mice 
were maintained in a controlled environment at a temperature 
of 22 ± 1 °C, following a 12-h light/dark cycle (lights on from 
20:00 to 08:00). Mice had ad libitum access to food and water 
throughout the study.   

Viral treatment
   Mice were anesthetized using isoflurane and securely posi-
tioned within a stereotaxic frame. A small incision in the scalp 
was made to reveal the skull, preparing for precise brain inter-
ventions. Using a stereotaxic holder, the brains were stabilized 
to ensure accurate targeting. An injection was performed with 
a 0.2-mm stainless steel needle attached to a 5-μl Hamilton 
syringe, administering 2.5 μl of either an HSV-1 suspension 
(totaling approximately 1 × 103 plaque-forming units) or PBS 
(as a control). The virus or PBS was bilaterally injected into the 
SNc, with specific coordinates from the Paxinos and Franklin 
brain atlas: anterior–posterior at −3.2 mm, dorsal–ventral 
at ±1.2 mm, and lateral at −4.6 mm. Morbidity and mortality 
were monitored twice a day. Neurological assessment was based 
on a graded scoring system from 1 to 5, designed to describe 
progressive neurological impairment: 1 signifies ruffled fur 
and hunched posture but can easily be made to move around; 
2 indicates a hunched posture and slow to move; 3 describes a 
hunched posture, some movement, and labored breathing; 
4 describes a hunched posture, labored breathing, and little or 
no movement; and 5 represents moribund or dead [  154 ]. In 
our study, score 3 was not reached.   

Immunofluorescence
   Details regarding primary antibodies and dilutions are provided 
in Table  S10 . Brain sections of 30-μm thickness were systemati-
cally prepared. The preparation involved transcardial perfusion 
of mice followed by brain fixation in 4% paraformaldehyde (PFA) 
over 2 days. Subsequent to fixation, the brains were immersed 
in a 20 to 30% sucrose gradient for cryoprotection and then 
embedded in OCT compound (Sakura FineTech, Tokyo). Brain 
sections were blocked using 10% goat serum in PBS containing 
0.2% Triton X-100 and then incubated overnight at 4 °C with 
tyrosine hydroxylase (TH) or infected-cell polypeptide 4 (ICP 
4) antibodies. Following primary incubation, sections were 
washed 3 times with PBS and incubated with fluorescently 
labeled secondary antibodies (Alexa Fluor 488 or 594, YEASEN, 
1:400) for 2 h at room temperature. Imaging was performed 
using the Olympus VS120 Slide Scanning System. Analysis of 
TH-positive neurons in the SNc and the density of TH-positive 
fibers in the striatum was carried out using ImageJ software.   

Protein extraction and western analysis
   Protein samples were harvested from the SNc or the striatum 
(STR) using radioimmunoprecipitation assay (RIPA) buffer 

composed of 0.5% NP-40, 0.1% sodium deoxycholate, 150 mM 
NaCl, and 50 mM tris-HCl (pH 7.4), along with added phospha-
tase (B15002, Bimake) and protease inhibitors (B14002, Bimake). 
The homogenates were then centrifuged at 12,000g for 30 min 
at 4 °C, and the supernatants were retained as protein extracts. 
Protein concentrations were determined using the bicinchoninic 
acid (BCA) assay method (Aidlab; PP01). Protein samples were 
mixed with a loading buffer containing 62.5 mM tris-Cl 
(pH 6.8), 2% SDS, 5% glycerol, and 0.05% bromophenol blue 
and then denatured at 95 °C for 5 min. Proteins were electro-
phoresed on a 10% sodium dodecyl sulfate–polyacrylamide gel 
electrophoresis (SDS-PAGE) and subsequently transferred 
onto a nitrocellulose membrane (Pall Corporation; T60327). The 
membranes were blocked using 5% skim milk in tris-buffered 
saline with Tween 20 (TBST) for 2 h at room temperature and 
incubated overnight at 4 °C with primary antibodies diluted 
in 5% bovine serum albumin (BSA)–TBST. Following primary 
incubation, membranes were washed thrice in TBST and incu-
bated with horseradish peroxidase-conjugated secondary anti-
bodies in 5% milk–TBST for 2 h at room temperature. After 
washing thrice for 15 min each in TBST, protein bands were 
visualized using an Enhanced Chemiluminescence system 
(Bio-Rad). The intensity of protein bands was quantified using 
ImageJ software (National Institutes of Health), and all original 
blot images are provided in Fig.  S14 .   

Behavioral tests
   Motor functions in mice were evaluated using beam traversal, 
pole test, rotarod test, hindlimb scoring, and gait test. Mice 
were allowed to acclimate to the testing environment for 1 h 
on the test day and also on the preceding day. Prior to the 
assessments, mice underwent a 3-day training period, with each 
session followed by a 10-min interval. All equipment was sani-
tized with 75% ethanol after each trial to ensure cleanliness.  

Beam traversal test
   Beam test was used to detect subtle deficits in motor skills and 
balance of mice. A 100-cm wooden beam consists of 4 segments 
of 0.25 m in length. Each segment was of thinner widths 3.5, 2.5, 
1.5, and 0.5 cm, with 1-cm overhangs placed 1 cm below the 
surface of the beam. In the test, mice were placed on the widest 
segment as a loading platform, the narrowest segment placed 
into a dark goal box. Mice were made to traverse the beam in 
the same manner (cutoff time 30 s maximum). The test time 
from the start to the 90-cm point was recorded. Timing began 
when the animals placed their forelimbs onto the 2.5-cm seg-
ment and ended when one forelimb reached the 90-cm point.   

Pole test
   The pole test is conducted on a wooden rod (diameter 8 mm; 
height 80 cm), which was wrapped with bandage gauze. The 
rod was fixed in the middle of an empty cage. Mice were placed 
on the top of a wooden pole and facing downward. The test 
time until it descended to the base of the pole was recorded 
with a maximum duration of 30 s. When the mouse was not 
able to turn downward and instead dropped from the pole, the 
test time was taken as the slowest mouse to pass the pole. The 
pole test is used to assess rigidity.   

Rotarod test
   Rotarod test evaluates motor coordination and motor learning 
of mice. In the test, mice were placed on the accelerating 
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rotarod cylinder. After pretraining at 4 rpm for 1 min, the 
speed was gradually increased from 4 to 40 rpm within 5 min 
and kept at 40 rpm for an additional 2 min. A trial ended if 
mice fell off the rungs or gripped the device and spun around 
for 2 consecutive revolutions without attempting to walk 
on the rungs. Time before falling was automatically recorded 
with a maximum duration of 5 min. Data are presented as the 
percentage of the third trials on the rotarod compared to the 
control.   

Hindlimb scoring
   Mice were gently lifted upward by the mid-section of the tail 
and observed over 5 to 10 s. Mice were assigned a score of 0, 1, 
2, and 3 based on the extent to which the hindlimbs clasped 
inward. The mice that freely moved and extended their limbs 
outward were scored as 0. A score of 1 was recorded if the mice 
kept one hindlimb inward while restrained or showed partial 
inward clasping with both legs. A score of 2 was assigned when 
both legs were clasped inward for most of the observation 
period, but still exhibited some flexibility. If mice exhibited 
full hindlimb paralysis with immediate inward clasping and 
no flexibility, a score of 3 was assigned.   

Gait test
   The testing apparatus is constructed from a 3-mm-thick gray 
acrylic board and includes a runway with nonslippery white 
paper (10 cm wide, 60 cm long, 12 cm tall) and a dark goal box 
(16 cm wide, 10 cm long, 12 cm tall). During the first training 
day, mice were familiarized with the equipment for 2 min 
before having their front and back paws colored red and black 
using safe food dyes. Mice were then trained to run to the goal 
box. In the test, mice were required to run the runway within 
a maximum time of 60 s. The analysis of footprint patterns 
focused on 3 parameters (stride length, stride width, and over-
lap), with prints near the beginning and end disregarded due 
to the impact of acceleration or deceleration. Stride length was 
measured as the average distance between each forepaw and 
hindpaw footprint. Stride width was measured as the average 
distance between the right and left footprint of each forepaw 
and hindpaw. At least 4 values were measured in each trial for 
each parameter.    

Statistical analysis
   Data are expressed as mean ± standard error of means (SEM). 
Representative morphological images were taken from at least 
3 biologically independent experiments with similar results. 
Statistical significance was determined using Student’s t test. 
﻿P values were indicated with *P < 0.05, **P < 0.01, or ***P < 0.001 
on graphs. Sample sizes (n), statistical tests, and P values are 
indicated in each figure legend.    
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