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Abstract

Background—There is mounting evidence for a connection between the gut and Parkinson’s 

disease (PD). Dysbiosis of gut microbiota could explain several features of PD.

Objective—To determine if PD involves dysbiosis of gut microbiome, disentangle effects of 

confounders, and identify candidate taxa and functional pathways to guide research.

Methods—197 PD cases and 130 controls were studied. Microbial composition was determined 

by 16S rRNA gene sequencing of DNA extracted from stool. Metadata were collected on 39 

potential confounders including medications, diet, gastrointestinal symptoms, and demographics. 

Statistical analyses were conducted while controlling for potential confounders and correcting for 

multiple testing. We tested differences in the overall microbial composition, taxa abundance, and 

functional pathways.

Results—Independent microbial signatures were detected for PD (P=4E-5), subjects’ region of 

residence within the United States (P=3E-3), age (P=0.03), sex (P=1E-3) and dietary fruits/

vegetables (P=0.01). Among patients, independent signals were detected for catechol-O-

methyltransferase-inhibitors (P=4E-4), anticholinergics (P=5E-3), and possibly carbidopa/

levodopa (P=0.05). We found significantly altered abundance of Bifidobacteriaceae, 
Christensenellaceae, [Tissierellaceae], Lachnospiraceae, Lactobacillaceae, Pasteurellaceae and 

Verrucomicrobiaceae families. Functional predictions revealed changes in numerous pathways 

including metabolism of plant-derived compounds and xenobiotics degradation.

Conclusion—PD is accompanied by dysbiosis of gut microbiome. Results coalesce divergent 

findings of prior studies, reveal altered abundance of several taxa, nominate functional pathways, 

and demonstrate independent effects of PD medications on the microbiome. The findings provide 

new leads and testable hypotheses on the pathophysiology and treatment of PD.
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Evidence linking PD to the gut precedes our recent appreciation of the microbiome. 

Gastrointestinal (GI) symptoms, including constipation, often precede the motor signs of 

PD.1 Lewy bodies and α-synuclein, which are the neuropathological hallmarks of PD, may 

appear in the gut before they appear in the brain.2 Colonic inflammation has also been 

documented in PD.3 These observations have led to the hypothesis that PD starts in the gut 

and spreads to the brain. Increased intestinal permeability in conjunction with presence of α-

synuclein in the gut at early stages of disease4 suggests that a leaky gut membrane may 

contribute to the spread of the disease. Decreased incidence of PD among individuals who 
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underwent vagotomy5 adds to the evidence that PD might start in the gut and spread to the 

brain via the enteric nervous system.

The human gut hosts tens of trillions of microorganisms including more than 1000 species of 

bacteria.6, 7 The collective genomes of the microorganisms in the gut (the microbiome) is 

over 100 times larger than the number of genes in the human genome. A well-balanced gut 

microbiota is critical for maintaining general health. Alterations in the composition of gut 

microbiota have been linked to a range of disorders including inflammatory, metabolic, 

neurologic, and oncologic (reviewed in 8). Research on human disease and the gut 

microbiota is a relatively new field, and so far, most studies have treated the disease as a 

single predictor, disregarding the wide range of variables that could also affect the 

microbiome and obscure the disease signature. The need to disentangle the gut microbiota 

signature of disease from that of medication and other confounders is becoming increasingly 

evident.9

Studies linking the gut microbiome to PD include one conducted in mice, which showed 

colonization with microbiota from PD patients enhanced neuro-inflammation and motor 

symptoms in animals overexpressing α-synuclein,10 and four conducted in humans which 

reached divergent conclusions.11–14 A direct comparison of the results is difficult because 

they had relatively small sample sizes (68 to 144 cases and controls combined), and differed 

in subject inclusion/exclusion criteria, sequencing techniques, statistical methods, and the 

treatment of confounders. Here we report a case-control study which included 327 subjects 

and a systematic analysis of 39 variables as potential confounders. We applied different 

techniques when available to assure results were robust to methodological differences, and 

examined the gut microbiome at global, taxonomic, and functional levels. The results help 

coalesce a seemingly inconsistent literature.

Patients and Methods

Subject recruitment and data collection

Institutional Review Boards and Human Subject Committees at participating institutions 

approved the study. Written informed consent was obtained. 212 PD cases and 136 control 

subjects were enrolled from among the participants of the NeuroGenetics Research 

Consortium (NGRC) in Seattle, WA; Atlanta, GA; and Albany, NY. The methods, and the 

clinical and genetic characteristics of NGRC dataset have been described in detail.15 Briefly, 

PD subjects were diagnosed by a movement disorder specialist according to the modified 

UK Brain Bank criteria.16 Controls were self-reported as being free of neurodegenerative 

disease. None of the patients and controls was genetically related to any other patient or 

control. Fifty-four case-control pairs were spouses; 143 cases and 76 controls were not 

connected.

Medication data were extracted from the medical records by the treating neurologists and 

included only the medications that the patient was prescribed for the treatment of PD at the 

time of this study. Spousal relationships were collected at each study site. Hoehn & Yahr 

(H&Y) and Movement Disorder Society (MDS) UPDRS III scores were assessed on the 

“on” state, as were in prior studies, and were used only to replicate prior reports. Disease 
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duration was the difference between age-at-study and age-at-onset. All other metadata were 

collected using questionnaires that were completed by the subject on the day of stool sample 

collection.

Stool samples were collected at home using DNA/RNA-free sterile swabs (BD BBL 

CultureSwab Sterile, Media-free Swabs kit from Fisher Scientific) and shipped immediately 

via standard US postal service at ambient temperature.

Two subjects were excluded for having unreliable metadata and 19 were excluded based on 

sequencing metrics (see below). The final sample size for analysis was 197 PD cases and 

130 controls (Table S1).

16S rRNA amplicon analysis

DNA extraction from stool and 16S rRNA amplicon sequencing were performed according 

to the Earth Microbiome Project Protocols, as previously described.17, 18 Sequencing was 

done using an Illumina MiSeq (La Jolla, CA). All samples were sequenced at once and at 

one laboratory.

Operational taxonomic units (OTUs) were picked using a closed reference in Quantitative 

Insights Into Microbial Ecology (QIIME) 1.9.119 using SortMeRNA 2.020 against the 

August 2013 release of the Greengenes 16S rRNA gene sequence database21 at 97% 

similarity. To ensure consistency, we also used de-novo OTU calling with HITdb as 

reference22 and the RDP classifier,23 which yielded similar results as Greengenes. A total of 

4567 OTUs were called. Rarefaction at 5,000 sequences/sample resulted in the exclusion of 

19 samples.

Confounders

Thirty-nine variables were interrogated as potential confounders (Table S1). PD 

medications, disease duration, spousal relationship and geographic site were automatically 

tagged as potential confounders. The remaining variables were tested to determine if they 

differed between cases and controls, using Fisher’s exact test for dichotomous variables and 

Mann-Whitney U test for quantitative variables. Since the purpose of this test was to protect 

against potential confounding, we used a cautious uncorrected P<0.1 to tag the variables as a 

potential confounder. In all, 20 of the 39 variables were chosen as potential confounders 

(Table S1). The variables were tested for collinearity with PD using variance inflation factor 

(VIF) in the R package HH. Twelve of the 20 variables had no evidence for collinearity with 

PD (VIF<2) and were treated as covariates. The remaining 8 variables (6 PD medications, 

disease duration and Caesarean section (C-section)) were seen exclusively in patients and 

were treated individually, as described below.

Analysis of overall composition of gut microbiome

We calculated the dissimilarities (distance) between the microbiomes of the 197 PD and 130 

control samples. To ensure that the choice of the metric did not affect the results, we 

calculated the distances using three metrics: Unweighted UniFrac,24 Weighted UniFrac,24 

and Canberra distance.25, 26 The rarefied OTU table was used for all three metrics. UniFrac 
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distances were calculated in QIIME 1.9.1 and Canberra distances in the R package 

vegan_2.4-0. The differences between cases and controls were then tested, for each metric in 

turn, using Permutational Multivariate Analysis of Variance (PERMANOVA).27 

Significance was determined using the adonis2 function in vegan in R with 99,999 

permutations, and if significance reached its maximum possible at P=1E-5, permutations 

were increased to 9,999,999 for added precision down to P=1E-7.

To test for confounding, we conducted adjusted PERMANOVA with PD and 12 covariates in 

the model and tested the marginal effects:

where age (years), transit-time (days), and BMI were continuous variables, and the other 

variables were categorical (see Table S1). To test confounding by C-section, we excluded the 

subjects born by C-section and repeated PERMANOVA of PD vs. controls. To test effect of 

PD-medications on the microbiome, PEMANOVA was used in patients only (PD-

medications were not collinear (VIF<2)):

PD-medications that were significant were re-tested while adjusting for covariates:

Fraction of the total variance explained by each variable was calculated in the 

PERMANOVA model.

Testing differences in the abundance of taxa in PD vs. controls

Differences were tested at OTU, genus and family level. Taxa present in <10% of samples 

were removed, resulting in 709 OTUs, 103 genera and 55 families. We tested the abundance 

of each taxon in cases vs. controls, using the Analysis of Composition of Microbiomes 

(ANCOM)28 and Kruskal-Wallis rank sum test.29 Kruskal-Wallis tests the null hypothesis 

that the taxon abundance in a random specimen taken from two or more ecosystems are 

equal in distribution, whereas ANCOM tests the null hypothesis that the taxon abundance 

(per unit volume) in two or more ecosystems are equal on average. Thus, ANCOM makes 

comparisons at the ecosystem level whereas the Kruskal-Wallis test makes comparisons at 

the specimen level. If results differed, we cautiously proceeded with the subset of findings 

that were significant by both methods. ANCOM was conducted using default parameters in 

the python implementation of ANCOM in scikit-bio 0.4.2. Kruskal-Wallis test was run using 

kruskal.test in R. Both analyses incorporate false-discovery rate (FDR) correction for 

multiple testing (FDR<0.05).
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To test for potential confounding, taxa that were significant with ANCOM and Kruskal-

Wallis were retested adjusting for covariates, using generalized linear model (GLM) with 

negative binomial distribution and controlling for zero-inflation as appropriate, in the R 

package glmmADMB:

To test if the associations of PD with taxon were driven by PD-medications, we excluded 

patients who were on COMT-inhibitors or anticholinergics and repeated the GLM. To test if 

altered taxa abundance was a consequence of disease duration, we used GLM:

If taxa abundance varied by disease duration, patients were stratified by disease duration and 

taxa abundance was tested for each stratum against controls.

Functional analysis of predicted metagenomes

We used Phylogenetic Investigation of Communities by Reconstruction of Unobserved 

States (PICRUSt)30 to infer metagenome composition in the samples, following the 

recommended pipeline of normalizing OTUs by copy number (to account for differences in 

number of copies of 16S rRNA between taxa), predicting functions using Kyoto 

Encyclopedia of Genes and Genomes (KEGG)31 orthologs, and grouping predicted 

pathways by KEGG hierarchical level 3. We also calculated nearest sequenced taxon index 

(NSTI) values, yielding a mean±SD per sample of 0.07±0.03, closer to the well-

characterized ecology of Human Microbiome Project (0.03±0.02) than more diverse sample 

sets (up to 0.23±0.07), listed in Langille et al. 2013,30 who noted that lower NSTI scores are 

more likely to have accurate PICRUSt results. We tested case-control differences for all 

metabolism pathways present in at least 10% of our samples (N=136 pathways) using the 

Statistical Analysis of Metagenomic (and other) Profiles (STAMP) software.32 We compared 

cases vs controls using Welch’s t-test, using Storey FDR<0.05 as a cutoff for significance.

Results

Overall composition of the gut microbiome

Testing the PD vs. control samples, without controlling for potential confounders, revealed a 

statistically significant difference (Table 1A), regardless of the metric used (P<1E-7 for 

Canberra distance, P=3E-7 for unweighted UniFrac, P=2E-3 for weighted UniFrac, using 

PERMANOVA with 9,999,999 permutations).

Numerous factors can potentially affect the microbiome. If the distribution of such a variable 

differs between cases and controls, then it is possible to find a significant difference in 

microbiota between cases and controls that is solely an artifact of the associated variable. To 

that end, we had collected data on 39 variables, 20 of which presented as potential 

confounders (Table S1). The six classes of PD medications, disease duration, geographic 

site, and spousal relationship were chosen without testing. For the remainder of the 
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variables, cases were compared to controls, and if the difference was even remotely 

significant (uncorrected P<0.1), the variable was considered a potential confounder. 

Constipation (P=6E-16), GI discomfort (P=2E-9), and current use of digestive medication 

(P=5E-3) were more prevalent in PD. Patients had lower BMI (P=9E-3), reported more 

weight-loss (P=0.02), ate fruits and vegetables less often (P=0.02), and drank less alcohol 

(P=0.03) than controls. The sex difference (P=9E-7) reflected the higher prevalence of PD in 

men and greater participation of women as volunteers. Patients were on average 2 years 

younger (P=0.04), and were more likely to have been born by C-section (P=8E-3). Samples 

from patients spent on average 14 hours longer in transit (P=1E-3).

To determine if the difference between cases and controls might have been skewed or 

completely driven by confounders, we repeated the PERMANOVA with all 13 predictors in 

the model (PD, geography, spousal relation, constipation, GI discomfort, digestive 

medication, BMI, weight loss, fruits-vegetables, alcohol, sex, age, and stool travel time) 

where the effect of each variable was tested against the microbiome while adjusting for all 

other variables. PD status was significant, regardless of the distance matrix used (Table 1B). 

In addition, sex, age, geography, and fruits-vegetables were significant using Canberra or 

unweighted UniFrac; whereas fruits-vegetables and transit-time were significant using 

weighted UniFrac. The overall model explained between 6% (Canberra) and 11% (weighted 

UniFrac) of the total variation in the microbiome, PD and geographic site each explained 

~1%, and sex and age each explained ~0.5% which is in line with population estimates6,7. 

Confounding by C-section was ruled out by removing subjects who were born by C-section 

(Table 1C).

We investigated PD-medications by using patients only, including all six classes of PD 

medication in the PERMANOVA model, and testing association of each PD-medications 

with the microbiome adjusted for other PD-medications. We found significant signals for 

COMT-inhibitors (P=4E-4), anticholinergics (P=5E-3) and a borderline signal for carbidopa/

levodopa (P=0.05) (Table 1D). COMT-inhibitors and anticholinergics retained significance 

when adjusted for covariates (Table 1E).

Identification of taxa that differed between PD and control samples

The commonly used method, the Kruskal-Wallis test, yielded 100 OTUs, 48 genera and 19 

families, whereas ANCOM, the newer method with lower false positive rate, identified only 

13 OTUs, 8 genera and 7 families as having significantly different abundance in cases and 

controls (Table S2, Fig. S1). The taxa identified by ANCOM were among the most 

significant signals detected by Kruskal-Wallis (Table S2). To be rigorous, we continued the 

study with the taxa that both methods identified as being significantly associated with PD 

(Table 2A, Fig. 1). All of these associations retained significance when adjusted for 

covariates (Table 2B). Excluding subjects born by C-section did not alter the results.

To see if PD medications were driving the associations, we excluded patients who were on 

COMT-inhibitors or anticholinergics, and found notable reduction in the association signal 

for Bifidobacterium at the OTU level (1.66-fold increased abundance in patients reduced to 

1.03-fold), and for Lachnospiraceae Blautia at the genus level (dropped in significance from 
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P=0.01 to P=0.52). In sum, the majority of associations at the OTU and genus level, and all 

of the associations at the family level, were robust to the best that could be determined.

We tested taxa abundance as a function of disease duration and were able to determine that 

the increased abundance of OTU #4439469 Ruminococcaceae (ratio case/control=1.99) was 

a consequence of disease. The abundance of this taxon was associated with disease duration 

(P=5E-4), and when stratified by disease duration and compared to controls, the abundance 

was not higher in the first ten years of disease (ratio case/control=1.02, P=0.54), but was 

highly elevated in patients who had the disease for >10 years (ratio case/control=2.51, 

P=8E-5).

Functional prediction

To evaluate functional differences in the microbiomes of PD vs. controls we used 

PICRUSt30, a computational tool that allows using 16S rRNA amplicon data to predict the 

genes that are present, calculate their abundance, assign them to metabolic pathways using 

KEGG,31 and then test the difference between cases and controls. Among 136 metabolic 

pathways tested, 26 were significantly different between cases and controls (Fig. 2). 

According to KEGG hierarchical level 2 classification, the 26 pathways are involved in 

carbohydrate metabolism, energy metabolism, lipid metabolism, metabolism of cofactors 

and vitamins, and xenobiotics biodegradation and metabolism.

Discussion

We investigated the relationship of the gut microbiome with PD using a large sample size 

and a systematic approach to controlling for potential confounders. We detected a significant 

effect for PD, and recovered the known effects of sex, dietary fruits/vegetables, and age.6, 7 

We also detected an unexpected difference as a function of geographic site (i.e., region of 

residence of the subjects), which may reflect the environmental, life-style, and diet 

differences between the Northeast (Albany, NY), Northwest (Seattle, WA) and Southern 

(Atlanta, GA) USA.

In a case-only analysis we found a significant difference in the gut microbiome as a function 

of treatment with COMT-inhibitors, anticholinergics, and a borderline significance for 

carbidopa/levodopa. The data suggest the effects of COMT-inhibitors and anticholinergics 

are independent of the PD effect because (a) their impact on the overall microbiome was 

detected within patients (hence PD was controlled for), and (b) most of the PD-associated 

taxa were robustly associated with disease in patients who were not on either of these two 

drugs. We were unable to tease out the effects of carbidopa/levodopa and PD because 90% 

of patients were taking carbidopa/levodopa. The evidence for interaction between PD 

medications and the microbiome is not surprising, considering the growing literature on the 

role of the gut microbiome in the metabolism of prescription drugs, and the profound effects 

that the drugs can have in turn on the composition of the microbiome.6, 7 A prior study of 

PD has linked COMT-inhibitors to altered abundance of some taxa.11 Moreover, COMT-

inhibitors33 and anticholinergics34 have gastrointestinal side effects, which may be related to 

a dysbiosis of the microbiome. The present findings lend support to the notion that the 

composition of the gut microbiome may hold new information for assessing efficacy and 
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toxicity of PD medications. Additional studies are needed to assess the effect of carbidopa/

levodopa, and other PD medications, with larger numbers of treated and untreated patients.

PD has many associated features that might affect the gut microbiome, including 

gastrointestinal symptoms, gender-imbalance, and the variety of medications that are used to 

treat PD. In this study we focused on such confounders and evaluated 39 variables that we 

suspected might skew a study of PD with the microbiome, narrowed them down to 20 

potential confounders, and methodically assessed their potential effect on the observed 

associations with PD. We took an analytically conservative approach, requiring concordance 

across methods, adjusting for confounders, and setting stringent criteria for declaring 

significance. In the process, we might have missed important taxa that did not meet all the 

criteria, but in the end, we had higher confidence that the findings that were declared 

significant were in fact robust. We identified 13 taxa at the OTU level, 8 at the genus level, 

and 7 at the family level as being associated with PD. Only a few were potentially 

confounded, but most were robust.

Our data coalesce a seemingly inconsistent literature. There have been four prior studies of 

PD and the microbiome, which produced conflicting results with respect to the taxa 

involved.11–14 Considering the results side-by-side (Table S3 A–D), there is no overlap 

across the four studies. We questioned if this disparity was due to small sample sizes and the 

inconsistent classification of taxa (which our data may help resolve), or more deeply rooted 

in study-specific differences such as the populations that were studied. Our results (Table S3 

E) confirmed many of the reported associations including elevated levels of 

Akkermansia,12Lactobacillus,13 and Bifidobacterium14 and reduced levels of 

Lachnospiraceae12 in PD. We did not, however, replicate the reported association with 

Prevotellaceae11 (case vs. control P=0.57, association with UPDRS III score P=0.24).

Several studies have implicated depletion of short chain fatty acids (SCFA) in the 

pathogenesis PD.10, 12, 14, 35–37 SCFA is made by bacteria in the gut, notably 

Lachnospiraceae. Our study shows reduced levels of Lachnospiraceae in PD, which is 

consistent with SCFA depletion. Moreover, although none of the SCFA metabolism 

pathways per se were significant, some of their key components were; e.g., butyrate kinase 

(KEGG_K00929) which catalyzes a reversible reaction between butyrate and butanoyl-

phosphate38 was reduced in PD (FDR=0.04), and acetyl-CoA synthetase (KEGG_K01895) 

which converts acetate to acetyl-CoA39 was elevated (FDR=3E-3). SCFA deficiency is an 

attractive hypothesis for PD because it could potentially explain inflammation and 

microglial activation in the brain10, 40, 41, and gastrointestinal features of the disease (leaky 

gut,4, 42 constipation1, 43 and colonic inflammation3, 44, 45), but it is not the whole picture. 

There is sufficient evidence to speculate that, on one extreme, shortage of SCFA may be at 

the root of PD, and that replenishing the microbiome with SCFA-producing bacteria may 

prevent PD and reverse the disease in those who are affected. On the other hand, depletion of 

SCFA and SCFA-producing organisms has been observed in diverse disorders,46–50 which 

suggests SCFA deficiency may be a common consequence of illness rather than a specific 

cause or even a biomarker for PD. Our data revealed alterations in at least seven families of 

bacteria (Lachnospiraceae being the least significant), and numerous metabolic pathways, 

which indicate there is more to the microbiome dysbiosis in PD than SCFA deficiency.
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A key question is what causes microbiome dysbiosis in PD. Our data suggest that there may 

be increased activity in PD of pathways that degrade xenobiotics; namely atrazine 

(herbicide), chloroalkane (flame retardant) and naphthalene (insect repellent). According to 

the US Environmental Protection Agency, atrazine is the most commonly detected pesticide/

herbicide contaminant in stream and ground water in America. This may be relevant here 

because exposure to pesticides and herbicides in agricultural setting, including well water 

drinking, is known to increases the risk of developing PD,51, 52 and causes dopaminergic cell 

death and motor abnormalities in animal models.53 The evidence for increased xenobiotics 

degradation in the gut, therefore, raises testable hypotheses on the role of xenobiotics in 

initiating the dysbiosis of the microbiome, and whether recent or continued exposure to PD-

associated xenobiotics may contribute to the progression of neurodegeneration.

This study has provided new leads and specific hypotheses that can be tested in experimental 

models and human studies. Cause and effect can be discerned in experimental models. 

Properly designed human studies can reveal how the microbiome changes from a healthy gut 

to early-stage PD and as disease progresses; how PD medications alter the microbiome and 

the side effects that may ensue; and conversely, how the composition of the microbiome 

(e.g., enterotypes54) affects the metabolism and hence the efficacy and toxicity of different 

treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. The relative abundances of PD-associated taxa
Boxplots show the abundance of A) 13 OTUs, B) 8 genera, and C) 7 families that differed 

significantly between controls (orange) and PD cases (blue).

Taxa are identified by A) taxon ID and family and genus names, B) family and genus names, 

or C) family names. The relative abundance (proportion) is plotted as log10 scale on the y 

axis. The notch in each box indicates the confidence interval of the median. The bottom, 

middle, and top boundaries of each box represent the first, second (median), and third 

quartiles of the abundance. The whiskers (lines extending from the top and bottom of the 

box) extend to points within 1.5 times the interquartile range. The points extending above 

the whiskers are outliers. Note that the relative position of confidence intervals of the 

median is only a visual proxy for the difference between groups. Statistical testing was 

performed on the means.
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Figure 2. Predicted functional differences between PD and control microbiomes
Twenty-six metabolic pathways differed significantly between cases and controls. Pathways 

that were more abundant in cases are on the positive side (blue circle with 95% CI). 

Pathways that were more abundant in controls are on the negative side (orange circle).

q-value: the Storey FDR-corrected P-value. Mean proportions are shown in stacks for cases 

(blue) and controls (orange). Difference in mean proportions = mean proportion in cases 

minus mean proportion in controls. Only metabolic pathways at KEGG hierarchical level 1 

were investigated to limit inclusion of nonbacterial pathways. Tests were conducted at 

KEGG hierarchical level 3, which included 136 pathways present in ≥10% of samples. The 

letter in front of each pathway name indicates the KEGG hierarchical level 2 for that 

pathway (A=Amino acid metabolism, B=Biosynthesis of other secondary metabolites, 

C=Carbohydrate metabolism, D=Energy metabolism, E=Enzyme families (none detected at 

FDR<0.05), F=Glycan biosynthesis and metabolism, G=Lipid metabolism, H=Metabolism 

of cofactors and vitamins, I=Metabolism of other amino acids, J=Metabolism of terpenoids 

and polyketides, K=Nucleotide metabolism (none detected at FDR<0.05), L=Xenobiotics 

biodegradation and metabolism.)
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