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[bookmark: _Hlk157832905]Distinct gut microbiome characteristics and dynamics in patients with Parkinson’s disease based on the presence of premotor rapid-eye movement sleep behavior disorders
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Supplementary Fig. S1. Differentially abundant taxa in PD-RBD(+) compared to those in PD-RBD(-) and HC using 16S rRNA gene amplicon data. (A) Overall results of pairwise DA analyses using 16S rRNA gene amplicon sequencing data. Rows are clustered hierarchically with the complete linkage method. (B and C) The taxa consistently reported as being abundant or depleted in the previous gut microbiome tudies of patients with PD were also found to be significantly (B) enriched or (C) depleted in PD-RBD(+). (D) Taxa enriched in PD-RBD(-) compared to HC. The results are shown at the genus or phylum levels of the taxa. ., q < 0.1; *, q < 0.05; **, q < 0.01; ***, q < 0.001; ns, not significant. PD, Parkinson’s disease; RBD, rapid eye movement sleep behavior disorder; HC, healthy control; RA, relative abundance
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Supplementary Fig. S2. Differentially abundant species in PD-RBD(+)compared to those in PD-RBD(-) and HC using shotgun metagenome data. (A) Overall results of pairwise DA analyses using shotgun metagenome sequencing data at the species level. Rows are hierarchically clustered with the complete linkage method. (B–D) Significantly different species belonging to the genera highlighted in the Fig. 1: species (B) enriched in PD-RBD(+); (C) depleted in PD-RBD(+); (D) enriched in PD-RBD(-). ., q < 0.1; *, q < 0.05; **, q < 0.01; ***, q < 0.001; ns, not significant. PD, Parkinson’s disease; RBD, rapid eye movement sleep behavior disorder; HC, healthy control; RA, relative abundance
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Supplementary Fig. S3. Model fit scores of the subjects calculated from the enterosignature analysis across the group. Wilcoxon rank-sum test was used for statistical analysis. P-values were corrected using the Holm–Bonferroni correction and denoted as q. *, q < 0.05; ns, not significant. PD, Parkinson’s disease; RBD, rapid eye movement sleep behavior disorder; HC, healthy control.
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Supplementary Fig. S4. Taxa contributions to the curli and cellulose biofilm formation pathway. Genus-level contributions of the gut microbiome for genes involved in the curli and cellulose biofilm formation pathway across groups. The genus Escherichia largely contributed to the genes, especially in PD-RBD(+). In PD-RBD(-) and HC, other curli-producing genera, Citrobacter and Enterobacter, also contributed comparably, even exceeding the contribution of Escherichia in some genes.. PD, Parkinson’s disease; RBD, rapid eye movement sleep behavior disorder; HC, healthy control; RA, relative abundance.
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Supplementary Fig. S5. Workflow for the metagenome-assembled genome (MAG) analysis. A total of 4,164 high-quality (completeness ≥50% and contamination ≤5%) MAGs were generated from 166 stool metagenomes and subsequently used for CsgA sequence retrieval, CAZyme prediction, and taxonomy annotation.
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[bookmark: _Hlk180549996]Supplementary Fig. S6. Phylogenetic tree and multiple sequence alignment of curli major subunit CsgA sequences retrieved from MAGs. (A) Phylogenetic tree of CsgA sequences constructed from multiple sequence alignment. CsgA sequences of E. coli K12 (UniProt accession number P28307) and Citrobacter youngae (accession number A0A9Q7ZLG0) were used as reference sequences. (B) The alignment of CsgA sequences obtained from current study or from the UniProt database. The left color bar indicates the origin of the sequences: Black, reference DB; Red, Escherichia; Blue, Citrobacter; Orange, Enterobacter; Green, UBA7405. All CsgA sequences showed conserved repeat regions (R1–R5 with black arrows). The gatekeeper residues were indicated by the purple arrows. MAG, metagenome-assembled genome.
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[bookmark: _Hlk180550008]Supplementary Fig. S7. Correlation analyses among genes involved in biofilm formation and UDP-GlcNAc synthesis and recycling pathways, and the associated taxa. (A) Left panel: Correlation analysis among the genes involved in biofilm formation and the UDP-GlcNAc synthesis/recycling pathways. The glk (encoding glucokinase), pgi (encoding glucose-6-phosphate isomerase), scrK (encoding fructokinase), and glmS (encoding glutamine-fructose-6-phosphate transaminase [isomerizing]) genes are additionally presented here. These genes are not shown in Fig. 5 as they did not yield significant results in the DA analysis; however, they are included here as they demonstrated significant negative correlations with biofilm formation-associated genes. Right panel: A schematic illustration representing reactions associated with glk, pgi, scrK, and glmS. (B) Correlation analysis between genes involved in the UDP-GlcNAc synthesis/recycling pathway and taxa at the genus level. The red and blue solid lines represent positive and negative correlations, respectively. In the correlation analyses, only the results with q < 0.05 and an |ρ| ≥ 0.3 are shown. The rectangles filled with red and blue colors indicate genes involved in biofilm formation and UDP-GlcNAc synthesis, respectively. Glc-6P, glucose 6-phosphate; Fruc-6P, fructose 6-phosphate; GlcN-6P, glucosamine 6-phosphate. ρ, Spearman’s rank correlation coefficient.
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[bookmark: _Hlk180550020]Supplementary Fig. S8. Validation of the inverse relationship between biofilm formation and the UDP-GlcNAc synthesis/recycling pathway in a large cohort study. The results of 294 patients with PD and 157 in the control group from a large-scale shotgun metagenome study [1] were analyzed to validate the negative relationships between the genes involved in the UDP-GlcNAc synthesis/recycling and biofilm formation pathways. Only the results with q < 0.05 are shown.
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[bookmark: _Hlk180550027]Supplementary Fig. S9. Characteristics of enriched CAZymes in PD-RBD(+) and PD-RBD(-) compared to HC. (A) Proportions of the targets of the differentially abundant CAZymes identified using the differential abundance analysis in Fig. 6A. Fisher’s exact test was used for statistical analysis. ***, p < 0.001. (B) Result of DA analysis comparing PD-RBD(-) with HC. Only significant results are shown. PD, Parkinson’s disease; RBD, rapid eye movement sleep behavior disorder; HC, healthy control.


Supplementary table S1. Comparison of dietary intake between patients with Parkinson’s disease (PD) with/without rapid eye movement behavior disorders (RBD) and healthy controls
	
	PD-RBD(+) (n=52)
	PD-RBD(-) (n=45)
	HC (n=78)
	p

	Total energy (kCal)
	2156.5 ± 507.9
	2137.4 ± 488.2
	2160.3 ± 566.6
	0.983

	Carbohydrate (g)
	312.1 (248.5–334.5)
	295.1 (219.1–321.5)
	304.6 (216.7–351.1)
	0.697

	Protein (g)
	86.2 ± 25.1
	90.7 ± 27.7
	88.9 ± 25.1
	0.737

	- animal source
	37.2 (29.4–46.1)
	44.1 (31.5–54.6)
	40.0 (30.3–50.2)
	0.375

	- plant source
	47.1 (36.7–57.6)
	43.7 (35.7–52.9)
	46.1 (34.8–56.4)
	0.858

	Fat intake (g)
	67.1 ± 26.7
	69.8 ± 27.1
	67.7 ± 24.2
	0.91

	- animal source
	24.5 (20.1–29.7)
	26.6 (21.6–42.9)
	28.2 (20.1–35.6)
	0.434

	- plant source
	35.9 (26.9–52.1)
	37.4 (23.9–47.9)
	37.1 (23.9–49.7)
	0.862

	Fiber (g)
	36.3 (25.6–47.8)
	31.1 (27.5–43.8)
	34.0 (24.8–51.1)
	0.822

	- Soluble fiber
	4.7 (2.8– 6.7)
	4.1 (3.2– 6.7)
	4.8 (3.3– 6.9)
	0.926

	-insoluble fiber
	16.9 (12.7–24.9)
	17.2 (12.9–26.0)
	17.3 (12.9–24.9)
	0.993




Supplementary table S2. PERMANOVA test results between PD-RBD(+) and PD-RBD(-) based on unweighted UniFrac distance with levodopa usage or LEDD as a covariate in each stage.
	[bookmark: _Hlk192690081]Shotgun metagenome data

	Early-stage
	Variable
	R2
	F
	p
	Signif.

	
	RBD
	0.051
	2.221
	0.014
	*

	
	levodopa
	0.015
	0.670
	0.914
	ns

	
	Variable
	R2
	F
	p
	Signif.

	
	RBD
	0.050
	2.214
	0.015
	*

	
	LEDD
	0.019
	0.841
	0.602
	ns

	Late-stage
	Variable
	R2
	F
	p
	Signif.

	
	RBD
	0.029
	1.356
	0.127
	ns

	
	levodopa
	0.018
	0.826
	0.566
	ns

	
	Age
	0.027
	1.263
	0.141
	ns

	
	Variable
	R2
	F
	p
	Signif.

	
	RBD
	0.028
	1.312
	0.143
	ns

	
	LEDD
	0.030
	1.399
	0.115
	ns

	
	Age
	0.026
	1.238
	0.157
	ns

	16S rRNA gene amplicon data

	Early-stage
	Variable
	R2
	F
	p
	Signif.

	
	RBD
	0.041
	1.893
	0.003
	**

	
	levodopa
	0.018
	0.824
	0.816
	ns

	
	Variable
	R2
	F
	p
	Signif.

	
	RBD
	0.040
	1.894
	0.003
	**

	
	LEDD
	0.021
	0.979
	0.435
	ns

	Late-stage
	Variable
	R2
	F
	p
	Signif.

	
	RBD
	0.022
	1.117
	0.202
	ns

	
	levodopa
	0.020
	1.049
	0.340
	ns

	
	Age
	0.024
	1.251
	0.100
	ns

	
	Variable
	R2
	F
	p
	Signif.

	
	RBD
	0.022
	1.128
	0.186
	ns

	
	LEDD
	0.035
	1.812
	0.006
	**

	
	Age
	0.023
	1.204
	0.138
	ns


*, p <0.05; **, p <0.01; ns, not significant.


Supplementary table S3. Linear regression model constructed with Unweighted UniFrac distance from HC to PD-RBD(+) and PD-RBD(-) with covariate age.
	Shotgun metagenome data

	Formula: lm(formula = distance ~ D_duration_y + Age, data = data, subset = RBD == "PD-RBD(+)")

	In PD-RBD(+)
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	0.0004
	0.0002
	2.0667
	0.0388
	*

	D_duration_y
	-0.0002
	0.0003
	-0.5293
	0.5966
	ns

	Formula: lm(formula = distance ~ D_duration_y + Age, data = data, subset = RBD == "PD-RBD(-)")

	In PD-RBD(-)
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	0.0015
	0.0002
	7.3015
	4.00.E-13
	***

	D_duration_y
	0.0039
	0.0005
	7.9087
	4.00.E-15
	***

	Formula: lm(distance ~ D_duration_y * RBD + Age, data = data)

	RBD as interaction term
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	0.0010
	0.0001
	6.9556
	4.00.E-12
	***

	D_duration_y
	-0.0003
	0.0003
	-0.9165
	0.3595
	ns

	D_duration_y:RBDPD-RBD(-)
	0.0042
	0.0006
	7.3822
	2.00.E-13
	***

	RBDPD-RBD(-)
	0.0044
	0.0031
	1.4052
	0.1600
	ns

	16S rRNA gene amplicon data

	Formula: lm(formula = distance ~ D_duration_y + Age, data = data, subset = RBD == "PD-RBD(+)")

	In PD-RBD(+)
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	0.00193
	0.00018
	10.67522
	2.69.E-26
	***

	D_duration_y
	0.00201
	0.00026
	7.64011
	2.62.E-14
	***

	Formula: lm(formula = distance ~ D_duration_y + Age, data = data, subset = RBD == "PD-RBD(-)")

	In PD-RBD(-)
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	0.0016
	0.0002
	9.8510
	1.25.E-22
	***

	D_duration_y
	0.0047
	0.0004
	11.5643
	1.97.E-30
	***

	Formula: lm(distance ~ D_duration_y * RBD + Age, data = data)

	RBD as interaction term
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	0.0018
	0.0001
	14.4728
	6.51.E-47
	***

	D_duration_y
	0.0021
	0.0003
	7.7555
	9.82.E-15
	***

	D_duration_y:RBDPD-RBD(-)
	0.0026
	0.0005
	5.4854
	4.24.E-08
	***

	RBDPD-RBD(-)
	0.0081
	0.0025
	3.1804
	0.0015
	**


b, unstandardized coefficient; SE, standard error; *, p <0.05; **, p <0.01; ***, p <0.001; ns, not significant.


[bookmark: _Hlk180789687]Supplementary table S4. Linear regression model constructed with Unweighted UniFrac distance from early-stage to late-stage in PD with covariate age.
	Shotgun metagenome data

	Formula: lm(formula = distance ~ D_duration_y + Age, data = data, subset = RBD == "PD-RBD(+)")

	In PD-RBD(+)
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	-0.0003
	0.0006
	-0.5254
	0.5995
	ns

	D_duration_y
	0.0007
	0.0008
	0.8789
	0.3798
	ns

	Formula: lm(formula = distance ~ D_duration_y + Age, data = data, subset = RBD == "PD-RBD(-)")

	In PD-RBD(-)
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	0.0010
	0.0008
	1.2029
	0.2297
	ns

	D_duration_y
	0.0067
	0.0016
	4.2499
	3.00.E-05
	***

	Formula: lm(distance ~ D_duration_y * RBD + Age, data = data)

	RBD as interaction term
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	0.0002
	0.0005
	0.4713
	0.6375
	ns

	D_duration_y
	0.0006
	0.0009
	0.6447
	0.5193
	ns

	D_duration_y:RBDPD-RBD(-)
	0.0064
	0.0017
	3.7985
	0.0002
	***

	RBDPD-RBD(-)
	0.0047
	0.0125
	0.3762
	0.7069
	ns

	16S rRNA gene amplicon data

	Formula: lm(formula = distance ~ D_duration_y + Age, data = data, subset = RBD == "PD-RBD(+)")

	In PD-RBD(+)
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	0.0021
	0.0005
	4.3870
	1.31.E-05
	***

	D_duration_y
	0.0018
	0.0006
	2.7891
	0.0054
	**

	Formula: lm(formula = distance ~ D_duration_y + Age, data = data, subset = RBD == "PD-RBD(-)")

	In PD-RBD(-)
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	0.0008
	0.0006
	1.3750
	0.1697
	ns

	D_duration_y
	0.0065
	0.0012
	5.3290
	1.47.E-07
	***

	Formula: lm(distance ~ D_duration_y * RBD + Age, data = data)

	RBD as interaction term
	coef. (b)
	SE
	t
	p
	Signif.

	Age
	0.0014
	0.0004
	3.9879
	0.0001
	***

	D_duration_y
	0.0019
	0.0007
	2.8874
	0.0040
	**

	D_duration_y:RBDPD-RBD(-)
	0.0043
	0.0013
	3.3076
	0.0010
	***

	RBDPD-RBD(-)
	0.0101
	0.0094
	1.0711
	0.2843
	ns


b, unstandardized coefficient; SE, standard error; *, p <0.05; **, p <0.01; ***, p <0.001; ns, not significant.



[bookmark: _Hlk180789715][bookmark: _Hlk180789709][bookmark: _Hlk192288217]Supplementary table S5. Baseline demographics of patients with early-stage Parkinson’s disease (PD) with/without rapid eye movement behavior disorders (RBD) and the healthy control (HC)
	
	PD-RBD(+) (n=28)
	PD-RBD(-) (n=21)
	P value

	Age, mean (SD)
	65.0 ± 8.0
	63.0 ± 10.6
	0.29

	Male, n (%)
	18 (64.3%)
	8 (38.1%)
	0.27

	BMI kg/m2, median (IQR)
	25.0 (22.2–27.5)
	25.0 (23.9–27.3)
	0.98

	Education years, median (IQR)
	12.0 (12.0–16.0)
	13.0 (12.0–16.0)
	0.20

	IBS, n (%)
	1 (3.6%)
	1 (4.8%)
	1.00

	Constipation, n (%)
	15 (53.6%)
	8 (38.1%)
	0.43

	Fewer than 3 defaecations per week
	16 (57.1%)
	9 (42.9%)
	0.48

	Lumpy or hard stools in at least 25% of defaecations
	13 (46.4%)
	4 (19.0%)
	0.09

	Straining during at least 25% of defaecations
	15 (53.6%)
	4 (19.0%)
	0.03

	Sensation of incomplete evacuation for at least 25% of defaecations
	14 (50.0%)
	6 (28.6%)
	0.22

	Sensation of anorectal obstruction/blockage for at least 25% of defaecations
	8 (28.6%)
	4 (19.0%)
	0.67

	Manual manoeuvres to facilitate at least 25% of defaecations 
	10 (35.7%)
	3 (14.3%)
	0.18

	Disease duration years, n (%)
	
	
	0.64

	Duration < 1 year
	19 (67.9%)
	12 (57.1%)
	

	1 year ≤ duration < 2 years
	9 (32.1%)
	9 (42.9%)
	

	Hoehn and Yahr stage
	2.0 (1.0– 2.0)
	2.0 (2.0– 2.0)
	0.04

	UPDRS Part 3 score, median (IQR)
	24.7 ± 10.9
	29.6 ± 9.7
	0.19

	UPDRS total score, median (IQR)
	35.4 ± 13.3
	41.9 ± 12.1
	0.16

	Use of levodopa, n (%)
	18 (64.3%)
	14 (66.7%)
	1.00

	Use of dopamine agonist, n (%)
	1 (3.6%)
	5 (23.8%)
	0.09

	Use of COMT inhibitor, n (%)
	0 (0.0%)
	0 (0.0%)
	1.00

	Use of MAO inhibitor, n (%)
	6 (21.4%)
	1 (4.8%)
	0.22

	Use of amantadine, n (%)
	0 (0.0%)
	0 (0.0%)
	1.00

	Levodopa equivalent daily dose
	250.0 (0.0–450.0)
	300.0 (0.0–325.0)
	0.83

	Use of constipation medication, n (%)
	6 (20.7%)
	1 (3.8%)
	0.14

	Use of insomnia medication, n (%)
	2 (6.9%)
	2 (7.7%)
	1.00

	Use of depression medication, n (%)
	2 (6.9%)
	4 (15.4%)
	0.57


BMI, body mass index; COMT, Catechol-O-methyltransferase; IBS, irritable bowel syndrome; UPDRS, unified Parkinson’s disease rating scale; MAO, monoamine oxidase; IQR, interquartile range; RBD, rapid eye movement sleep behavior disorder


[bookmark: _Hlk180789722]Supplementary table S6. Baseline demographics of patients with late-stage Parkinson’s disease (PD) with/without rapid eye movement behavior disorders (RBD) and the healthy control (HC)
	
	PD-RBD(+) (n=29)
	PD-RBD(-) (n=26)
	P value

	Age, mean (SD)
	67.2 ± 6.1
	61.0 ± 7.1
	0.001

	Male, n (%)
	18 (62.1%)
	10 (38.5%)
	0.14

	BMI kg/m2, median (IQR)
	24.2 (22.3–25.1)
	23.9 (22.2–25.6)
	0.92

	Education years, median (IQR)
	12.0 (9.0–12.0)
	12.0 (12.0–16.0)
	0.39

	IBS, n (%)
	0 (0.0%)
	0 (0.0%)
	1.00

	Constipation, n (%)
	14 (48.3%)
	10 (38.5%)
	0.65

	Fewer than 3 defecations per week
	13 (44.8%)
	11 (42.3%)
	1.00

	Lumpy or hard stools in at least 25% of defecations
	7 (24.1%)
	5 (19.2%)
	0.91

	Straining during at least 25% of defecations
	11 (37.9%)
	4 (15.4%)
	0.12

	Sensation of incomplete evacuation for at least 25% of defecations
	13 (44.8%)
	5 (19.2%)
	0.08

	Sensation of anorectal obstruction/blockage for at least 25% of defecations
	12 (41.4%)
	4 (15.4%)
	0.07

	Manual manoeuvres to facilitate at least 25% of defecations 
	6 (20.7%)
	2 ( 7.7%)
	0.33

	Disease duration years, median (IQR)
	7.0 (4.0– 9.0)
	4.0 (3.0– 9.0)
	0.13

	Hoehn and Yahr stage
	 3.0 (2.5– 3.0)
	 2.0 (2.0– 3.0)
	0.03

	UPDRS Part 3 score, median (IQR)
	40.7 ± 9.7
	30.1 ± 10.4
	0.002

	UPDRS total score, median (IQR)
	60.0 (47.0–76.0)
	44.0 (35.0–61.0)
	0.03

	Use of levodopa, n (%)
	27 (96.4%)
	25 (100.0%)
	1.00

	Use of dopamine agonist, n (%)
	17 (60.7%)
	17 (68.0%)
	0.79

	Use of COMT inhibitor, n (%)
	2 (7.1%)
	7 (28.0%)
	0.10

	Use of MAO inhibitor, n (%)
	11 (39.3%)
	7 (28.0%)
	0.57

	Use of amantadine, n (%)
	12 (42.9%)
	9 (36.0%)
	0.82

	Levodopa equivalent daily dose       
	711.2 (550.0–1075.0)
	675.0 (475.0–1006.0)
	0.77

	Use of constipation medication, n (%)
	2 (7.1%)
	1 (4.8%)
	1.00

	Use of insomnia medication, n (%)
	0 (0.0%)
	1 (4.8%)
	0.88

	Use of depression medication, n (%)
	3 (10.7%)
	3 (14.3%)
	1.00


BMI, body mass index– COMT, Catechol-O-methyltransferase– IBS, irritable bowel syndrome– UPDRS, unified Parkinson’s disease rating scale– MAO, monoamine oxidase– IQR, interquartile range– RBD, rapid eye movement sleep behavior disorder


References
1.	Wallen ZD, Demirkan A, Twa G, Cohen G, Dean MN, Standaert DG, Sampson TR, Payami H: Metagenomics of Parkinson's disease implicates the gut microbiome in multiple disease mechanisms. Nat Commun 2022, 13:6958.
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