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Abstract

Background & Aims—In fecal samples from patients with chronic constipation, the microbiota 

differs from that of healthy subjects. However, the profiles of fecal microbiota only partially 

replicate those of the mucosal microbiota. It is not clear whether these differences are caused by 

variations in diet or colonic transit, or are associated with methane production (measured by breath 

tests). We compared the colonic mucosal and fecal microbiota in patients with chronic 

constipation and in healthy subjects to investigate the relationships between microbiota and other 

parameters.
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Methods—Sigmoid colonic mucosal and fecal microbiota samples were collected from 25 

healthy women (controls) and 25 women with chronic constipation and evaluated by 16S 

ribosomal RNA gene sequencing (average of 49,186 reads/sample). We assessed associations 

between microbiota (overall composition and operational taxonomic units) and demographic 

variables, diet, constipation status, colonic transit, and methane production (measured in breath 

samples after oral lactulose intake).

Results—Fourteen patients with chronic constipation had slow colonic transit. The profile of the 

colonic mucosal microbiota differed between constipated patients and controls (P<.05). The 

overall composition of the colonic mucosal microbiota was associated with constipation, 

independent of colonic transit (P<.05) and discriminated between patients with constipation and 

controls with 94% accuracy. Genera from Bacteroidetes were more abundant in the colonic 

mucosal microbiota of patients with constipation. The profile of the fecal microbiota was 

associated with colonic transit before adjusting for constipation, age, body mass index, and diet; 

genera from Firmicutes (Faecalibacterium, Lactococcus, and Roseburia) correlated with faster 

colonic transit. Methane production was associated with the composition of the fecal microbiota, 

but not with constipation or colonic transit.

Conclusions—After adjusting for diet and colonic transit, the profile of the microbiota in the 

colonic mucosa could discriminate patients with constipation from healthy individuals. The profile 

of the fecal microbiota was associated with colonic transit and methane production (measured in 

breath), but not constipation.
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BACKGROUND

Irritable bowel syndrome (IBS) is associated with alterations in colonic mucosal and fecal 

microbiota1–8 that may conceivably perturb the crosstalk between the gut microbiota, the 

enteroendocrine system, the immune system, and intestinal permeability.9 However, a 

review of 22 studies that evaluated the gut microbiome in IBS concluded that “results to date 

are inconsistent and sometimes contradictory” perhaps partly due to differences in molecular 

techniques, the use of single samples, and other factors (e.g., diet and phenotypic 

characterization of patients).10 Most studies were conducted outside the United States6 and 

assessed the fecal microbiota, which are readily accessible, but do not “fully replicate 

mucosally associated profiles.”11 This is a significant limitation because the mucosal 

microbiota might affect epithelial and mucosal function to a greater degree than the fecal 

bacteria.12–16 It is unclear whether differences between health and IBS are primary or 

secondary to other factors that affect gut microbiota such as diet, body mass index (BMI), 

and gastrointestinal (GI) transit.9 Indeed, colonization of germ-free mice with human fecal 

microbiota suggests that alterations in microbiota affect GI transit and vice versa.17 

Alterations in diet can also directly affect the microbiota, both directly and by modifying GI 

transit.17
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Most studies of the gut microbiota have evaluated people with IBS and diarrhea-

predominant IBS. Eight studies, involving a total of 98 patients, assessed the gut microbiota 

in constipation-predominant irritable bowel syndrome (IBS-C).9 The results of 4 studies, 2 

each based on bacterial cultures and 16S rRNA pyrosequencing, observed conflicting results 

in regard to the microbiota in functional constipation.18–21 A comparison of fecal microbiota 

in 20 healthy people and 22 constipated patients (i.e., 10 patients with IBS-C and 12 with 

alternating IBS) identified several taxa that were associated with delayed colonic transit. The 

IBS patients fell into 2 clusters characterized by normal microbiota and increased 

Firmicutes-associated taxa and a depletion of Bacteroidetes-related taxa.7 Similarly, an 

increase in several genera of Firmicutes was observed in obese constipated children.20

Breath methane excretion after oral glucose is greater in adults with slow transit constipation 

than in healthy adults or adults with normal transit constipation.22 Increased breath CH4 

production was correlated with slower colonic transit. Methane increased non-propagating 

small bowel contractile activity and decreased small bowel transit in animal models,23 

prompting the hypothesis that alterations in colonic microbiota with increased methane 

production may delay colonic transit.24

Hence, the objectives of this study were to: (i) compare the colonic mucosal and fecal 

microbiota in healthy people and patients with chronic constipation; (ii) ascertain if the 

differences in microbiota between constipated patients and healthy people can be explained 

by differences in demographic features, diet, and colonic transit between groups; and (iii) 

evaluate the relationship between microbiota and breath methane production. Our 

hypotheses were that: (i) there are differences in the fecal and mucosal microbiota between 

healthy people and constipated patients; (ii) these differences are independent of differences 

in GI transit and diet between healthy people and constipated patients; and (iii) breath 

methane production is associated with specific profiles of microbiota.

METHODS

Study Design and Participants

From February 2013 through April 2014, 25 female patients with chronic constipation and 

25 healthy women, both non-smokers and aged between 18–80 years, consented to 

participate in this study that had been approved by the Institutional Review Board at Mayo 

Clinic. Patients had Rome III symptom criteria for a lower functional gastrointestinal 

disorder with significant constipation.25 Twenty of 25 patients reported having symptoms 

for at least 4 years before the study. With one exception, 24 of 25 patients lived within 350 

miles of Mayo Clinic, Rochester, MN; 21 of these lived within 150 miles. Neither the 

healthy participants nor the constipated patients had clinical evidence of significant systemic 

(e.g., cardiovascular) disease that could potentially interfere with the objectives of the study 

and/or pose safety concerns; prior gastric, intestinal, or colonic resection; inflammatory 

bowel disease; gastrointestinal cancer; or antibiotic use within 3 months prior to the study.

Study procedures were performed in the following order: collection of a stool specimen, 

evaluation of breath hydrogen and methane excretion after oral lactulose, assessment of 

gastric emptying and small intestinal and colonic transit by scintigraphy, and a flexible 
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sigmoidoscopy with colonic mucosal biopsies. Dietary intake and bowel patterns were 

evaluated as detailed below. Medications that could affect gastrointestinal motility were 

discontinued for 2 days prior to and for the duration of the study. On average, 15 days (range 

2–43 days) elapsed between the collection of stool samples and the flexible sigmoidoscopy.

Assessment of Dietary Intake

Before starting study procedures, a registered dietitian advised participants to maintain a 

stable diet for 1 week before and throughout the study; and to follow a low fiber diet and 

avoid dairy products, high fructose corn syrup, fruits, fruit juices, honey, "sugar-free" 

candies, gums or products containing sorbitol, and live or active cultured-containing foods 

for 24 hours prior to the lactulose breath test. Participants were instructed to complete a food 

record for 3 days before the stool collection. Nutrition analysis of the food records was 

performed using the ESHA Food Processor software (Version 10.14, ESHA Research, 

Salem, OR).

Lactulose breath test

This test was performed to identify methane producers. After an overnight fast, an antiseptic 

mouthwash was administered to prevent lactulose fermentation by oropharyngeal bacteria. 

Breath samples were collected at baseline, at 15-minute intervals for 60 minutes, and at 30-

minute intervals for the next 120 minutes after administration of lactulose syrup (10 g) 

followed by sterile water (250 mL). The duration for which samples were collected was 

prolonged to 120 minutes because slow transit constipation is associated with delayed small 

intestinal transit.26 Breath methane and hydrogen concentrations were measured with gas 

chromatography (Quintron Instrument Company, Milwaukee, WI) and quantified as the area 

under the curve by the trapezoidal rule.

Scintigraphic Assessment of Gastric Emptying, Small Intestinal, and Colonic Transit

Gastric emptying, small bowel transit, and colonic transit were measured with standard, 

validated scintigraphic methods.27, 28 Gastric and small bowel transit was measured with 

99m-labeled technetium (99mTc), while colonic transit was evaluated with a methacrylate-

coated, delayed-release capsule containing indium-111 (111In) adsorbed on activated 

charcoal particles. Colonic transit was summarized as the colonic geometric center (GC), 

which is the weighted average of counts in the different colonic regions at 24 (GC24) and 48 

(GC48) hours. A higher GC reflects a faster colonic transit.

Stool Collection

Standardized instructions and stool kits were provided to patients for collecting stool 

samples, which were frozen and stored in a −80°C freezer. One patient required an enema, 

and one patient required a laxative before providing a stool sample.

Colonic Biopsies

After 1–2 Fleet’s enemas, a flexible sigmoidoscopy was performed. The mucosa was normal 

in all participants. Five mucosal biopsies were obtained with a 2 mm forceps without a pin 

from the mid-sigmoid colon, snap frozen, and stored in a −80°C freezer.
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Sequencing and Analytical Methods

DNA was extracted from stool with a commercial kit (MoBio DNA extraction kit, Carlsbad, 

CA) following standard Human Microbiome Project guidelines.29 After extraction, total 

DNA was quantified using Qubit assay kit (Life Technologies Corporation, NY, USA); in 

all cases, this was >100 ng/μL, with an average yield of 3799 (range 134 – 40,800) ng/μL. 

16S-based sequencing was performed with an Illumina MiSeq sequencer (Illumina Inc, San 

Diego, CA). Phylotype profiles of the microbiota from healthy and constipated populations 

were generated using deep rDNA hypervariable tag sequencing of the hypervariable V3-V5 

region of the small subunit (SSU) rRNA gene, which has been validated for use with human 

microbiota and is the preferred technique in the Human Microbiome Project. With the 

longer reads from the MiSeq (300x300 paired end reads), sequencing included the V3-V5 

regions, thereby optimizing the phylogenetic analysis30; the 300 base pair reads ensured 

optimal phylogenetic identification. Barcoding of samples prior to sequencing yielded an 

average of 49,186 reads per sample (stool: range 9,438 – 161,117; mucosal biopsy: range 

3,116 – 425,701), ensuring detection of both dominant (core microbiota) and poorly-

represented taxa (variable microbiota). Paired end reads were stitched, aligned, and 

classified using a custom pipeline (TORNADO v2.0).31 Briefly, low base quality reads were 

either trimmed or discarded,32 and these reads were not classified as a bacteria kingdom33 or 

matched to the bacteria 16S rRNA secondary structure.34 To evaluate the microbial diversity 

and abundance, UPARSE was used for Operational Taxonomical Units (OTU) clustering,35 

and FastTree was used for phylogeny.36 The 16S data were clustered into OTUs at 97% 

sequence similarity, and the taxonomy was assigned using the Ribosomal Database Project 

classifier.

Statistical analysis

To assess the differences between microbiome profiles, i.e., β diversity, we used both 

unweighted and weighted Unifrac distances (‘GUniFrac’ function in the R package 

‘GUniFrac’). These metrics capture different parameters, with unweighted UniFrac 

reflecting differences in community membership (i.e., presence or absence of OTU), while 

the weighted UniFrac better reflects differences in OTU abundance.37 To prevent artifacts in 

the analysis that can arise from unequal sequencing depth, rarefaction was performed on the 

OTU table before calculating the unweighted UniFrac distance. In order to identify 

associations between microbial community profiles and variables of interest (e.g., 

constipation status, colonic transit), we used a permutational multivariate analysis of 

variance (PERMANOVA) approach (‘adonis’ function in the R package ‘vegan’) that 

adjusts for potential confounding covariates. For all variables, statistical significance of the 

PERMANOVA results was assessed using 1,000 random microbial community/variable 

permutations.

In addition to performing an association analysis with the OTU-based microbiome profiles, 

we also uncovered associations between specific taxa and variables of interest. This was 

done by comparing relative taxa abundance and variables of interest using a linear model 

with adjustments for covariates where appropriate. Because the taxa data is not normally 

distributed, assessment of statistical significance considered 1,000 permutations with the F-

statistic as the test statistic. Associations were evaluated at the phylum, family, and genus 
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level. The false discovery rate (FDR) control was performed based on the Benjamini-

Hochberg procedure to correct for multiple testing, i.e., ‘p.adjust’ in R. Analysis was 

confined to taxa with a prevalence greater than 10% and a maximum proportion (relative 

abundance) greater than 0.002. An FDR-adjusted P value (or Q-value) less than 5% was 

considered to be significant. A machine learning (“random forest [RF]”) algorithm,38 due to 

its non-parametric assumptions, was used to evaluate both linear and nonlinear relationships 

between gut microbiota (i.e., genus or OTU-level relative abundance data) and specific 

phenotypes (i.e., constipation versus health, colonic transit, and methane production). This 

process employed bootstrapping to evaluate the accuracy of prediction. The RF-based 

prediction was compared to random guess, where the prediction was based on the majority 

class (binary phenotype) or outcome mean (continuous phenotype) in the training set. The 

Friedman Rank Sum test was used to test the significance of different prediction models. 

The Boruta algorithm was used to identify the most predictive taxa based on the importance 

values produced by RF.39 The importance value of a taxon was calculated by RF based on 

the loss of accuracy by random permutation of the abundance profile of the taxon. To assess 

whether the importance was significant, the Boruta algorithm compared the observed 

importance to those produced by the spiked-in ‘shadow’ taxa, which were randomized 

versions of real taxa. Hence, this algorithm generally provides more power to identify taxa 

that jointly predict a phenotype.

Receiver Operating Characteristic (ROC) curves were used to estimate the extent to which 

the differences in clinical parameters (e.g., constipation status and colonic transit) could be 

discriminated by microbiota profiles, and the incremental utility of the microbiota over other 

clinical parameters (e.g., age, diet) for evaluating the same. The extent to which differences 

between the microbiota profiles of the two groups can be explained by the relative 

abundances of those select taxa that were found to be significantly different was assessed by 

a principal component analysis.

A post-hoc power assessment40 demonstrated that for a comparison of microbiota between 

two groups, a sample size of 20 participants per group provides approximately 80% power 

to detect a medium to strong difference in the microbiota profile between groups (Ω2=0.07), 

and 20% power to detect a weak difference (Ω2=0.02) (See Appendix for details). Therefore, 

the positive results for major associations of interest indicate the variable of interest (e.g., 

constipation status) has a strong effect on the gut microbiota while the negative results 

probably indicate a weaker effect, if it exists. All statistical analyses were performed in 

R-3.0.2 (R Development Core Teams, Vienna, Austria).

RESULTS

Patient Characteristics and Dietary Assessment

Of the 25 patients, 13 had symptoms of functional constipation, 6 had IBS-C, and 6 had 

mixed IBS. Patients with mixed IBS had predominant symptoms of constipation, which they 

rated as moderate (2 patients), severe (3 patients), or very severe (1 patient). These patients 

had several (3 in 2 patients, 4 in 1 patient, 5 in 2 patients, and 6 in 1 patient) of 6 Rome III 

symptom criteria for constipation. They were categorized as mixed IBS because they also 

had a history of loose stools. The constipated patients were older (P=.02) than healthy 
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participants but had a similar BMI (Table 1). The total caloric intake was greater (P=.005) in 

healthy participants. Compared to patients, healthy participants also consumed more 

carbohydrate (P=.054), protein (P=.002), fat (P=.03), and fiber (P=.01) when expressed as 

an absolute amount, but not as a proportion of the total calorie intake (Table 1). Breath 

methane production (AUC) was not different (P=.20) in patients than controls. Gastric 

emptying at 2 hours, but not at 4 hours, was lower (P<.01) in constipated patients than in 

healthy participants. There was no difference in small intestinal transit between the two 

groups. Fourteen patients (9 with functional constipation, 3 with IBS-C, and 2 with mixed 

IBS) but only 2 controls (P<.005), had delayed colonic transit. Six healthy participants but 

no patients had rapid colonic transit. Colonic transit (GC24) was directly correlated with 

total calorie intake (P<.05) and total fiber intake (P<.05), and inversely correlated with age 

(P<.05).

Univariate Associations Between Overall Composition of Microbiota and Other Variables

For each univariate association, two P values reflecting the results based on unweighted and 

weighted UniFrac distance matrices are provided (Table 2). The overall fecal microbial 

composition was significantly associated with colonic transit, constipation status, age, and 

total calorie intake. Associations with carbohydrate intake, and fat intake were of borderline 

significance.

The overall colonic mucosal microbiota composition was significantly associated with 

constipation status. However, associations with age and colonic transit were of borderline 

significance (Table 2).

Multiple Variable Associations Between Overall Composition of Microbiota and Other 
Variables

After adjusting for age, BMI, diet, and colonic transit, the fecal microbiota was not 

associated with constipation status (Table 2). In contrast, after adjusting for age, BMI, and 

colonic transit, the mucosal microbial composition remained strongly associated with 

constipation status. Because diet was not univariately associated with mucosal microbiota, 

the analysis for association between mucosal microbiota and constipation did not adjust for 

the same.

After adjusting for age, BMI, diet, and constipation status, the fecal microbiota was 

borderline (P=0.9, 0.08) associated with colonic transit with the weighted UniFrac distance 

only. The colonic mucosal microbiota composition was not associated with colonic transit, 

after adjusting for age, BMI, and constipation status.

Associations between Microbiota and Breath Methane Production

Breath methane production was associated with fecal and with mucosal microbiota before 

and after adjusting for age, BMI, diet, constipation status, and colonic transit (Table 2).
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Associations Between Taxa Assessed with Single Taxon-based Testing and Other 
Variables

These analyses were guided by the results of the multivariate analyses for overall microbiota 

composition. They focused on the relationships between the fecal microbiota and colonic 

transit (Figure 1), the colonic mucosal microbiota and constipation status (Figure 2), and the 

fecal microbiota and breath methane production (Figure 3).

With the single taxon approach, the abundance of several organisms in the feces was 

significantly correlated with colonic transit before, but not after, adjusting for FDR (Table 

3). In contrast, the abundance of several taxa in the colonic mucosa was associated with 

constipation status even after adjusting for FDR (Table 3). The correlations between breath 

methane production and taxa in stool, but not colonic mucosa, remained significant even 

after adjusting for FDR (Table 3).

Associations Between Taxa Assessed with the Random Forest Algorithm and Other 
Variables

As evidenced by a decreased predictive mean square error compared to random guess, a 

predictive model utilizing the entire microbiota suggested that the fecal microbiota 

composition (at the genus level) weakly predicted colonic transit (i.e., GC24; P<.001) and 

strongly predicted breath methane production (P<.001) as shown in Figure 3c. Based on 

feature selection by Boruta, the genera Bacteroidetes-Bacteroides, Firmicutes-Coprococcus, 

Firmicutes-Faecalibacterium, Firmicutes-Lactococcus, and Firmicutes-Roseburia were 

independently significantly useful for predicting colonic transit (Figure 1a). When 

participants were categorized as having normal or rapid versus slow colonic transit, the 

genera Bacteroidetes-Butyricimonas, (which was increased in slow transit) and Firmicutes-

Lactococcus (which was decreased in slow transit) were considered important (Figure 1b).

The fecal microbiota at the genus level was not particularly useful for discriminating 

between normal and slow colonic transit. Indeed, the area under the ROC curve for this 

analysis was only 0.54 (P<.001) for fecal microbiota compared to 0.74 (P<.001) for the 

combination of age, diet, and constipation status (P<.001) (Figure 1c). In contrast, the 

colonic mucosal microbiota at the genus level was very useful for distinguishing between 

constipated and healthy participants; the area under the ROC curve for this analysis was 0.94 

(P<.001), compared to 0.63 (P<.001) for the combination of age and colonic transit (P<.

001) (Figure 2c). By Boruta feature selection, the genera Bacteroidetes-Flavobacterium, 

Firmicutes-Faecalibacterium, Proteobacteria-Agrobacterium, Proteobacteria-Delftia, 

Proteobacteria-Mycoplana, and Proteobacteria-Pseudomonas, along with age and colonic 

transit, were significantly important.

For prediction of breath methane production, the Boruta feature selection algorithm 

identified the genera Bacteroidetes-Odoribacter, Bacteroidetes-unclassified, Firmicutes-

Anaerotruncus, Firmicutes-Oscillospira in fecal microbiota, and the genera Bacteroidetes-

Bacteroides, Firmicutes-Dorea, and Firmicutes-Phascolarctobacterium in mucosal 

microbiota as important.
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DISCUSSION

This is the first study that compared fecal and colonic mucosal microbiota in healthy 

participants and constipated patients, employed state-of-the-art analyses to characterize the 

overall microbiota profile and taxonomic differences, and assessed the contribution of other 

factors (i.e., dietary intake, colonic transit, and breath methane production after carbohydrate 

ingestion) to colonic microbiota with multivariate analyses. The overall profile of mucosal 

microbiota evaluated by 2 approaches (i.e., unweighted and weighted UniFrac) was different 

between constipated patients and healthy participants, even after adjusting for demographic 

variables, diet, and colonic transit. In contrast to previous studies, which used a limited set 

of bacterial species,41 we used the entire microbiota to discriminate between healthy 

participants and patients. Indeed, this overall profile had 94% accuracy for discriminating 

between health and constipation. Moreover, the mucosal microbiota profile was not 

associated with colonic transit and was significantly different between healthy participants 

and constipated patients even after adjusting for colonic transit. Taken together, these 

findings strongly suggest that the observed differences in the colonic mucosal profile 

between healthy participants and constipated patients cannot be explained by slow colonic 

transit.

Similar to a previous study, phylum Bacteroidetes was 1.5 times more plentiful in the 

mucosal microbiota in constipated patients with single taxon analysis.12 This increase was 

due to a greater abundance of Flavobacterium. In addition to supporting these findings, the 

RF algorithm demonstrated that the genus Faecalibacterium was more abundant in 

constipation. Of interest, Bacteroidetes in feces is negatively associated with dietary fiber 

intake,42 and Faecalibacterium is among the most abundant butyrate producers in the gut.43 

Some colonic effects of butyrate (e.g., decreased colonic mucin secretion,44 and increased 

colonic water and electrolyte absorption45), which are observed even at physiological 

concentrations, may predispose to constipation.

The composition of fecal microbiota measured with the weighted but not unweighted 

UniFrac distance was correlated with colonic transit. After adjusting for age, BMI, and 

constipation status, these differences were of borderline significance. These findings suggest 

that while people with normal and slow colonic transit had the same taxa, the abundance of 

taxa differed between groups. Single taxon-based testing suggested that the abundance of 

phylum Actinobacteria and selected genera in the phylum Firmicutes (Lactococcus and 

Roseburia) were correlated with faster colonic transit. Lactococcus produces serotonin,46, 47 

which initiates intestinal peristalsis. The RF algorithm confirmed these associations and also 

identified additional taxa, for example, genera belonging to Firmicutes (Faecalibacterium 

and Coprococcus) and Bacteroidetes (Bacteroides) that were respectively directly and 

inversely correlated with colonic transit, as suggested previously in IBS.48 Of interest, 

obesity is also associated with a greater ratio of Firmicutes:Bacteroidetes and faster colonic 

transit.49–52 Perhaps this association is mediated by cholic acid, which increases the relative 

abundance of Firmicutes over Bacteroidetes53 and accelerates colonic transit, particularly in 

IBS.54 Several taxa (e.g., Faecalibacterium, Roseburia, and Coprococcus) that were 

correlated with faster colonic transit in this study produce butyrate,55 which has been 

reported to stimulate colonic motility, either directly, by stimulating 5-HT release, or by 
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facilitating cholinergic pathways.56, 57 Further studies are necessary to resolve an apparent 

paradox that mucosal butyrate producers (i.e., Faecalibacterium) were associated with 

constipation while fecal butyrate producers (i.e., Faecalibacterium, Roseburia and 

Coprococcus) were associated with fast colonic transit. Indeed, butyrate has biphasic effects 

on colonic motility; it stimulates motility at low and inhibits motility at higher 

concentrations.58, 59

Even after adjusting for demographic variables, diet, constipation status, and colonic transit, 

the fecal, and to a lesser extent, the mucosal microbiota was associated with breath methane 

production. These findings suggest that the microbiota profile associated with breath 

methane is not explained by slow colonic transit. Indeed, up to one-third of healthy people 

produce methane.60 Breath methane production was associated with several genera in 

Bacteroidetes and Firmicutes that were different from those associated with colonic transit. 

Moreover, breath methane production was not correlated with colonic transit. While we did 

not assess for Archaea, which are methanogens, these observations do not support a link 

between luminal methane production and slow colonic transit. Indeed a recent study 

observed that both breath methane excretion and colonic methane production were not 

associated with clinical presentation in IBS patients, and were not correlated with symptom 

severity or with gastrointestinal transit.61

These findings substantially expand our understanding of the relationships between diet, 

microbiota, and GI transit, which is primarily based on studies in gnotobiotic mice and the 

effects of Fermentable Oligo-Di-Monosaccharides and Polyols (FODMAP) diets in IBS.62 

They provide the basis for a new conceptual framework in which the mucosal microbiota are 

linked to constipation, independent of colonic transit, while the fecal microbiota are linked 

to colonic transit and breath methane production (Figure 4). One possible scenario is that a 

disturbance of the mucosal microbiota, e.g., more Bacteroidetes and/or Faecalibacterium,42 

affects epithelial and mucosal function, e.g., by altering serotoninergic pathways or 

electrolyte/mucin secretion, causing symptoms of constipation (hard and/or infrequent 

bowel movements).11–16 In some patients, these disturbances and/or a different mechanism 

(e.g., dietary factors or enteric neuropathology) may lead to slow colonic transit, which is 

accompanied by differences in the fecal microbiota. These findings do not explain the 

underlying mechanism responsible for differences in the colonic mucosal microbiota in 

constipated patients. Further studies that evaluate the impact of accelerating colonic transit 

on the mucosal microbiome are necessary to assess the cause-effect relationship between the 

microbiome and constipation. While dietary factors may contribute, they were not, in 

contrast to the fecal microbiota, even univariately associated with mucosal microbiota in this 

study. Because the database used to estimate the nutritional values of ingested food products 

does not provide the fermentable oligo-dimonosaccharides and polyols (FODMAP) content 

for all foods, we cannot determine whether differences in ingestion of FODMAPs, which 

contribute to the colonic microenvironment, explain these findings.62

To ensure a representative distribution, the constipated group included patients with 

functional constipation and constipation-predominant IBS because these entities are not 

symptomatically or physiologically distinct.63, 64 Likewise, 14 constipated patients (56%) 

had slow colonic transit. These findings should be validated in a larger group of patients 
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with functional bowel disorders, in particular to identify differences, if any, between 

functional constipation and constipation-predominant IBS. Likewise, a larger sample size 

may be useful because a type II error may have limited the ability to identify significant 

relationships between the microbiota and some parameters (e.g., between mucosal 

microbiota and caloric intake) in this study. Because global bacterial patterns of rectal 

biopsy samples sufficiently mirror those of the more proximal colon in healthy people and in 

inflammatory bowel disease,65, 66 mucosal samples were obtained from the sigmoid colon. 

However, this may not hold true in IBS.

In conclusion, constipated patients had a unique profile of colonic mucosal microbiota that 

discriminated between constipation and health with an accuracy of 94% independent of diet 

and colonic transit. By contrast, the fecal microbiota was associated with colonic transit and 

breath methane production rather than constipation.
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Abbreviations

AUROC area under the receiver operating characteristic
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OTU Operational Taxonomical Units
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APPENDIX

Post-hoc power calculation for the PERMANOVA test based on UniFrac distances, using 

the ‘micropower’ package for R statistical software:
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Parameters used in simulation:

1. Level of subsampling = 0.5

2. Number of OTUs = 50

Matched outcome: Within group distance = 0.7 ± 0.07 (mean ± SD)

For N=20 per group:

Power = 80% to detect a medium difference (Ω2=0.07) between groups

Power = 20% to detect a medium difference (Ω2=0.02) between groups
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Figure 1. Relationship between stool microbiota and colonic transit
The analysis shows microbiota evaluated with the RF algorithm that was associated with 

colonic transit expressed as continuous (A) or dichotomous variables (B). In A, the bar 

graph represents the relative abundance of all genera in participants with GC24 less than 

(Low GC24) and ≥ (High GC24) the median value (1.8) in all participants. The asterisk 

represents genera that were also significant by single taxon analysis. In B, colonic transit is 

categorized as normal (GC24 ≥1.4 [10th percentile value in healthy women]) and slow 

(GC24 <1.4) colonic transit. (C) ROC curves showing the utility of i) stool microbiota at the 

genus level; ii) constipation status, age, and diet; and iii) both i) and ii) for discriminating 

between normal and slow colonic transit.
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Figure 2. Relationship between colonic mucosal microbiota and constipation
(A) Differential abundance of bacterial taxa in healthy participants and constipated patients. 

All bacterial taxa so identified by single taxon based analysis with FDR control are shown. 

(B) Colonic mucosal microbiota discriminates between healthy participants and constipated 

patients. The relative abundance of only those taxa that were found to be significantly 

different between the two groups was used in the principal components analysis. Taxa at the 

family level are shown in bold. Individual colonic mucosal samples of healthy controls are 

presented as ‘O’ and constipated patients are presented as ‘X’. (C) ROC curves showing the 

utility of i) colonic mucosal microbiota at the genus level; ii) colonic transit, and age; and 

iii) both i) and ii) for discriminating between healthy participants and constipated patients.
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Figure 3. Relationship between stool microbiota and breath methane production
(A) Differential abundance of bacterial taxa in participants with breath methane excretion 

above (high) and below (low) the median value of breath methane excretion in all 

participants (Area Under Curve). All bacterial taxa so identified by single taxon-based 

analysis with FDR control are shown. (B) Stool microbiota discriminates between high and 

low breath methane producers. The relative abundances of only those taxa that were found 

to be significantly different between the two groups were used in the principal components 

analysis. Taxa at the family level are shown in bold. Individual stool samples of high 

methane producers are presented as ‘O’ and low methane producers are presented as ‘X’. 

(C) Stool microbiota at the genus level predicts breath methane production. The boxes 

represent the distribution of predictive mean squared error (PMSE) over 1,000 permutations 

for breath methane as a continuous variable, using overall microbiota composition at the 

genus level. The PMSE was lower compared to “guess,” signifying that the microbiota 

predicted breath methane excretion expressed as a continuous variable (by Friedman Rank 

Sum test).
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Figure 4. Conceptual framework of interactions between fecal and colonic mucosal microbiota, 
colonic transit, breath methane excretion, and constipation
To emphasize, the lines denote associations, not causality a solid line represents an 

association that remained statistically significant in the multivariate analyses; the dotted line 

represents an association that was only univariately statistically significant (Table 2); the 

asterisk denotes relationships that are supported by previous literature. While the mucosal 

microbiota is associated with constipation, independent of colonic transit, the fecal 

microbiota is associated with colonic transit and breath methane production.
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Table 1

Summary of Patient Characteristics a

Variable Healthy (n=25) Constipated (n=25) P value

Age, y 39±10 48±15 .02

BMI, kg/m2 26±4 25±4 .13

Total caloric intake, kcal 1597±402 1265±350 .005

Carbohydrate, g 188±54 155±62 .054

Protein, g 75±19 60±26 .002

Fat, g 60±26 46±15 .03

Fiber, g 17±13 12±4 .01

Carbohydrate (% of total calories) 47±9 49±12 .24

Protein (% of total calories) 20±6 20±7 .88

Fat (% of total calories) 33±6 32±6 .85

Breath methane (AUC, ppm*min) 1488±2895 4100±6656 .20

Gastric emptying, %

 2 hours 59±18 47±11 .005

 4 hours 93±10 90±12 .11

Small intestinal transit (Colonic filling [%] at 6 hours) 45±27 48±26 .74

Colonic transit, GC24 2.6±1.1 1.6±0.8 \.0006

Colonic transit, GC48 3.9±0.9 2.8±1.0 .001

Abbreviations: GC24, geometric center of colonic transit at 24 hours; GC48, geometric center of colonic transit at 48 hours

a
All data presented as mean (SD)
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Table 2

Associations Between Microbiota and Other Variables of Interest

Variable Stool Mucosal

Unweighted UniFrac a Weighted UniFrac a Unweighted UniFrac a Weighted UniFrac a

Univariate analyses

 Age, y .03 .02 .09 .13

 BMI .62 .15 .73 .72

 Calories .04 .14 .92 .12

 Carbohydrate .26 .09 .93 .86

 Fat .31 .07 .73 .59

 Constipation status .049 .09 <.001 .005

 Colonic transit .22 .008 .07 .07

 Breath methane <.001 .02 .01 .97

Multiple variable analyses

 Constipation status (adjusted for age, 
BMI, diet, and colonic transit)

.50 .39 <.001 .048

 Colonic transit (adjusted for age, 
BMI, diet, and constipation status)

.92 .08 .55 .55

 Breath methane (age, BMI, 
constipation status, colonic transit, 
diet)

<.001 .03 .005 .99

a
P values

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); UniFrac, ‘GUniFrac’ function in R 
package
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Table 3

Differences in Abundance of Taxa at Different Levels

Mucosal Microbiota in Health and Constipation

Taxon Mean Abundance in Healthy 
Controls

Mean Abundance in 
Constipated Patients

P value FDR- adjusted P value

Phyla

Bacteroidetes 0.39 0.60 .04 .20

Family

Bacteroidetes;Flavobacteriaceae 0.00001 0.07 .001 .01

Bacteroidetes;Odoribacteraceae 0.01 0.0001 .001 .01

Proteobacteria;Caulobacteraceae 0.001 0.002 .005 .04

Proteobacteria;Comamonadaceae 0.13 0.002 .001 .01

Genus

Bacteroidetes;Flavobacterium 0.00001 0.07 .001 .01

Bacteroidetes;Odoribacter 0.01 0.00001 .002 .02

Proteobacteria;Comamonas 0.002 0.000002 .008 .06

Proteobacteria;Delftia 0.09 0.001 .001 .01

Proteobacteria;Mycoplana 0.000001 0.002 .001 .01

By Boruta feature selection

Firmicutes;Faecalibacterium 0.08 0.09 NA NA

Proteobacteria;Agrobacterium 0.05 0.02 NA NA

Proteobacteria;Pseudomonas 0.005 0.006 NA NA

Correlation Between Stool Microbiota and Colonic Transit

Taxon Spearman’s correlation coefficient P value FDR- adjusted P value

Phylum

Actinobacteria 0.23 .02 .12

Family

Actinobacteria;Coriobacteriaceae 0.28 .04 .32

Firmicutes;Veillonellaceae 0.18 .01 .30

Genus

Firmicutes;Lactococcus 0.44 .01 .33

Firmicutes;Roseburia 0.34 .01 .33

By Boruta feature selection

Bacteroidetes;Bacteroides −0.20 NA NA

Firmicutes;Coprococcus 0.41 NA NA

Firmicutes;Faecalibacterium 0.36 NA NA

Bacteroidetes;Butyricimonas −0.12 NA NA

Correlation Between Stool Microbiota and Breath Methane Concentration

Taxon Spearman’s correlation coefficient P value FDR- adjusted P value

Phylum
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Mucosal Microbiota in Health and Constipation

Taxon Mean Abundance in Healthy 
Controls

Mean Abundance in 
Constipated Patients

P value FDR- adjusted P value

Proteobacteria −0.21 .006 .03

Family

Bacteroidetes;Barnesiellaceae 0.37 .003 .02

Bacteroidetes;Odoribacteraceae 0.36 .003 .02

Bacteroidetes;Paraprevotellaceae 0.44 .03 .06

Bacteroidetes;Rikenellaceae 0.30 .03 .06

Firmicutes;Christensenellaceae 0.45 .001 .02

Firmicutes;Erysipelotrichaceae −0.16 .02 .046

Firmicutes;Lachnospiraceae −0.33 .003 .02

Firmicutes;Peptostreptococcaceae −0.16 .04 .07

Firmicutes;Streptococcaceae −0.33 .005 .02

Proteobacteria;Enterobacteriaceae −0.24 .008 .03

Proteobacteria;Pseudomonadaceae −0.30 .006 .02

Genus

Bacteroidetes;Butyricimonas 0.30 .02 .05

Bacteroidetes;Odoribacter 0.38 .01 .05

Bacteroidetes;Paraprevotella 0.39 .048 .12

Bacteroidetes;unclassified 0.43 .001 .02

Firmicutes;Anaerotruncus 0.37 .005 .04

Firmicutes;Blautia −0.27 .008 .04

Firmicutes;Dorea −0.43 .002 .02

Firmicutes;Eubacterium −0.04 .01 .04

Firmicutes;Oscillospira 0.44 .002 .02

Firmicutes;SMB53 −0.30 .03 .08

Firmicutes;Streptococcus −0.45 .001 .02

Firmicutes;unclassified 0.39 .02 .05

Proteobacteria;Erwinia −0.19 .03 .09

Proteobacteria;Klebsiella −0.41 .01 .04

Proteobacteria;Pseudomonas −0.30 .008 .04

Correlation Between Mucosal Microbiota and Breath Methane Concentration

Taxon Spearman’s correlation coefficient P value FDR- adjusted P value

Family

Firmicutes;Veillonellaceae 0.47 .03 .67

Genus

Bacteroidetes;Cloacibacterium 0.24 .03 .38

Firmicutes;Dorea −0.21 .01 .38

Firmicutes;Phascolarctobacterium 0.44 .02 .38

By Boruta feature selection
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Taxon Mean Abundance in Healthy 
Controls

Mean Abundance in 
Constipated Patients

P value FDR- adjusted P value

Bacteroidetes;Bacteroides −0.01 NA NA

NA: Not applicable
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