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Abstract

Background—Differences in the gut microbiota and breath methane production have been 

observed in chronic constipation, but the relationship between colonic microbiota, transit, and 

breath tests remains unclear.

Methods—In 25 healthy and 25 constipated females we evaluated the sigmoid colonic mucosal 

and fecal microbiota using 16S rRNA gene sequencing, abundance of hydrogenogenic FeFe 

(FeFe-hydA) and hydrogenotrophic (methyl coenzyme M reductase A [mrcA] and dissimilatory 

sulfite reductase A [dsrA]) genes with real-time qPCR assays, breath hydrogen and methane levels 

after oral lactulose, and colonic transit with scintigraphy.

Key Results—Breath hydrogen and methane were not correlated with constipation, slow colon 

transit, or with abundance of corresponding genes. After adjusting for colonic transit, the 
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abundance of FeFehydA, dsrA, and mcrA were greater (P<.005) in colonic mucosa, but not stool, 

of constipated patients. The abundance of the selected functional gene targets also correlated with 

that of selected taxa. The colonic mucosal abundance of FeFe-hydA, but not mcrA, correlated 

positively (P<.05) with breath methane production, slow colonic transit, and overall microbiome 

composition. In the colonic mucosa and feces, the abundance of hydrogenogenic and 

hydrogenotrophic genes were positively correlated (P<.05). Breath methane production was not 

associated with constipation or colonic transit.

Conclusions & Inferences—Corroborating our earlier findings with 16S rRNA genes, colonic 

mucosal but not fecal hydrogenogenic and hydrogenotrophic genes were more abundant in 

constipated versus healthy subjects independent of colonic transit. Breath gases do not directly 

reflect the abundance of target genes contributing to their production.

Graphical Abstract

Abbreviated abstract: The relationship between colonic microbiota, transit, and breath hydrogen 

and methane production in chronic constipation is unclear. Corroborating our earlier findings with 

16S rRNA genes, colonic mucosal but not fecal hydrogenogenic and hydrogenotrophic genes were 

more abundant in constipated than healthy subjects independent of colonic transit. Breath gas 

excretion after lactulose was not correlated with the abundance of target genes contributing to their 

production.

Keywords

breath hydrogen; breath methane; constipation; genes; hydrogen; lactulose; methane; microbiota; 
microbiome; transit

Considerable evidence exists which highlights associations between the colonic microbiota 

and chronic constipation (1). Colonic mucosal and fecal microbiota differ between 

constipated patients and healthy people (2–4). Breath methane, which is derived from 

intestinal methanogenesis, is increased in constipated patients (5), associated with slow 

colon transit, and with altered colonic microbiota (2, 4).

An earlier study suggested that breath hydrogen and methane excretion after lactulose 

ingestion were proportional to the production of these gases measured with whole-body 

calorimetry (7). However, more recently, breath methane excretion was not an accurate 

marker of colonic methane production in healthy people and irritable bowel syndrome (IBS) 

patients, nor was it associated with the clinical features or colonic transit in IBS (8). Indeed, 
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several aspects of microbial carbohydrate fermentation limit the utility of using breath gases 

to assess the abundance or activity of hydrogen-producing (hydrogenogenic) microbes or 

intestinal gas production. First, preformed gas in hard stools may be released in response to 

treatment with a laxative {Di Stefano, 2014 #3753}, thereby affecting the accuracy of breath 

tests. Second, the proportion of H2 excreted in breath depends on total production. At a low 

production rate (<200 mL/day), 65% of H2 is exhaled (7), but at a high rate (>500 mL/day), 

most was expelled as flatus and only 25% was exhaled (7). Third, the magnitude of 

fermentation varies among carbohydrates (7). Fourth, hydrogen from hydrogenogenic 

microbes is utilized by hydrogenotrophic microbes (6), which reduces the accumulation of 

hydrogen, thereby decreasing feedback inhibition of fermentation.

Microbial hydrogenogenesis and hydrogenotrophy involves the reversible oxidation of H2 by 

hydrogenase harboring organisms. Categorized by their metal functional cores, 

hydrogenases are phylogenetically widespread and functionally diverse and include both 

hydrogen evolving and hydrogen uptake [NiFe] hydrogenases, hydrogen evolving [FeFe] 

hydrogenases, and hydrogen uptake [Fe]-only hydrogenases (10). Hydrogenotrophic 

microbes utilize hydrogen to convert carbon dioxide to acetate (i.e., acs, fhs genes) (11), 

methane (mcrA gene) (12), and hydrogen sulfide (dsrA gene) (13). Conceivably, low 

methane production may reflect low hydrogenotrophic methanogenic abundance or low 

substrate availability (i.e., hydrogen), perhaps due to fewer hydrogenogenic microbes. 

Measuring the colonic abundance of hydrogenogenic and hydrogenotrophic microbes may 

distinguish amongst these possibilities. Previous studies have characterized hydrogenogens 

(14) or methanogens (12) with functional genomics, but none have done so concurrently.

This study aimed to (i) compare the abundance of hydrogenogenic and hydrogenotrophic 

genes in colonic mucosa and feces between healthy people and constipated patients, and to 

assess the relationship between gene abundance and (ii) colonic transit, (iii) breath hydrogen 

and methane production, and (iv) overall composition and specific microbiota.

METHODS

Participants

As detailed previously, 25 women who had Rome III symptom criteria for IBS-C or 

functional constipation (FC) and 25 healthy people were recruited between February 2013 

and April 2014 at Mayo Clinic (4). All participants were nonsmokers aged 18–80 years, who 

had no clinical evidence of significant systemic disease, inflammatory bowel disease, 

gastrointestinal cancer, gastric, intestinal, or colonic resection, or antibiotic use within 30 

days. This study was approved by the Mayo Clinic Institutional Review Board, and written 

informed consent was obtained from all participants.

Assessment of Dietary Intake

Briefly, a registered dietitian advised participants to maintain a stable diet for 1 week before 

and throughout the study; to follow a low fiber diet and avoid interfering foodstuffs 

including FODMAPs for 24 hours prior to lactulose breath test; and to complete a food 

record for 3 days before stool collection (4). After the breath test, they resumed their regular 
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diet. Food records were analyzed with ESHA Food Processor software (Version 10.14, 

ESHA Research, Salem, OR).

Lactulose breath test

After an overnight fast, an antiseptic mouthwash (30 mL) was provided immediately before 

the procedure to preclude lactulose fermentation by oropharyngeal bacteria. Participants 

ingested lactulose syrup (10 g). Breath samples were collected every 15 minutes for 60 

minutes, and then every 30 minutes for the next 120 minutes. Breath hydrogen and methane 

concentrations were measured with model SC Quintron gas chromatograph (Quintron 

Instrument Company, Milwaukee, WI), and summarized as area under the curve (AUC). A 

positive breath test was defined by an increase in breath hydrogen and methane exceeding 20 

ppm over baseline (15).

GI and colonic transit by scintigraphy

Colonic transit was measured by asking participants to ingest a methacrylate-coated, 

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

particles (4). The delayed-release coating dissolves in the alkaline pH of the terminal ileum, 

releasing 111In in the cecum. Gastric and small bowel transit was evaluated with two 

scrambled eggs labelled with technetium-99m (99mTc) sulfur-colloid that were eaten with 

one slice of whole wheat bread and one glass of whole milk (300 kcal total). Established 

approaches were used to summarize the gastric emptying (GE) half time (t1/2), small 

intestinal transit (i.e., proportion of 99mTc in the colon at 6 hours) and colonic transit, 

expressed as the geometric center (GC) at specified times. The GC is the weighted average 

of counts in the different colonic regions (ascending, transverse, descending, rectosigmoid 

colon) and stool, respectively, 1 to 5. A higher GC reflects a faster colonic transit.

Stool collection

Using stool kits and standardized instructions, patients collected stool samples according to 

the Manual of Procedures for Human Microbiome Project (Version Number 11.0, 29 March 

2010). Stool samples were frozen and stored in −20°C freezer. One patient required an 

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

Colonic biopsies

After 1–2 Fleet (C.B. Fleet Company Inc, Lynchburg, VA) enemas, a flexible sigmoidoscopy 

were performed. Using 2 mm forceps, five mucosal biopsies were obtained from normal 

colorectal mucosa in the sigmoid colon. These biopsies were snap frozen and stored in a 

−70°C freezer.

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 (16). After extraction, total 

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

with an average yield of 4.1 (range 0–22.5) ng/μL. 16S rRNA-based sequencing was 

performed with an Illumina MiSeq sequencer (Illumina Inc., San Diego, CA). Phylotype 
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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 (300×300 paired end reads), sequencing included the V3–V5 regions, thereby 

optimizing the phylogenetic analysis (17); the 300 base pair reads ensured optimal 

phylogenetic identification. Barcoding of samples prior to sequencing yielded a range of 

3,116 – 425,701 reads per sample, 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) (18). Briefly, low base quality 

reads were either trimmed or discarded (19), and these reads were not classified as a bacteria 

kingdom (20) or matched to the bacteria 16S rRNA secondary structure (21). To evaluate the 

microbial diversity and abundance, UPARSE was used for Operational Taxonomical Units 

(OTU) clustering (22), and FastTree was used for phylogeny (23). The 16S data were 

clustered into OTUs at 97% sequence similarity, and the taxonomy was assigned using the 

Ribosomal Database Project classifier.

PCR amplification of functional gene targets

Stool and mucosa DNA were extracted with a MoBio DNA extraction kit and QIAmp Stool 

DNA mini kit, respectively. Stool and sigmoid colonic mucosal biopsy microbial abundance 

were quantified using Real-Time quantitative PCR assays performed with a 7900HT Fast 

Real-Time PCR System (Applied Biosystems, Foster City, CA), and expressed as gene 

copies per nanogram of DNA. Because a recent metagenomic survey observed that [FeFe] 

hydrogenases made up the vast majority of hydrogenases in the human microbiome (14), 

this was the focus of hydrogenogenic genes. The functional hydrogenogenic FeFe (FeFe-
hydA) gene (24) and hydrogenotrophic methyl coenzyme M reductase A (mcrA) (25) and 

dissimilatory sulfite reductase A (dsrA) genes (26) were targeted (27). Standard curves were 

constructed using cloned 16S rRNA and functional genes or amplified PCR products.

Statistical analysis

Demographic features, diet, transit, and gene abundance in healthy people and constipated 

patients were compared using the Student’s t test or Wilcoxon test as appropriate. Results 

with P values <.05 were considered significant. Univariate regression with permutation 

based on F-statistics assessed differences in breath tests, and gene abundance between health 

and constipation. Associations between (i) breath tests and diet and separately with colonic 

transit, and (ii) gene abundance and demographic factors (i.e., age and body mass index 

[BMI]), diet, colonic transit, and breath methane production were evaluated with multiple 

variable regression with permutation based on the F-statistic, all adjusted for constipation 

status. Associations between breath tests, gene abundance, demographic factors (i.e., age 

and BMI), diet, and colonic transit were assessed by multivariable models after adjusting for 

constipation status. Variables were log transformed as appropriate. Associations between 

hydrogenogenic genes and breath hydrogen production, and separately, hydrogenotrophic 

genes and breath methane production, were assessed after adjusting for methane production 

and hydrogen production, respectively. To assess the differences between microbiota 

profiles, i.e., β diversity, we used both unweighted and weighted Unifrac distances 
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(‘GUniFrac’ function in the R package ‘GUniFrac’) and the Bray-Curtis dissimilarity. These 

metrics capture different parameters, with unweighted UniFrac reflecting differences in 

community membership (i.e., presence or absence of OTU), while the weighted UniFrac and 

Bray-Curtis dissimilarity better reflect differences in OTU abundance.(28) 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 the Microbiome Regression-Based Kernel 

Association Test (MiRKAT) that adjusts for potential confounding covariates (29).

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

we also tested for 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 

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. Associations between gene abundance and microbiota, and 

separately with breath tests, were assessed in multivariable models, after adjusting for both 

constipation and colonic transit. Spearman correlation coefficients assessed associations 

between abundance of genes in stool and colonic mucosa. All statistical analyses were 

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

RESULTS

Participant characteristics

The results of symptoms, diet, colonic transit, breath hydrogen and methane excretion, and 

phylogenetic assessment of the colonic and mucosal microbiome with 16S rRNA gene 

techniques in these participants have been published (4). This paper focuses on the results of 

functional genes and their relationship with other characteristics in this cohort.

Of the 25 patients, 13 had symptoms of FC, 6 had IBS-C, and 6 had mixed IBS, with 

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

calories (P=.005), 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). Gastric emptying at 2 hours was lower (P=.005) in constipated patients than in 

healthy participants. Fourteen patients (9 with FC, 3 with IBS-C, and 2 with mixed IBS) but 

only 2 controls (P=.0001) had delayed colonic transit. Colonic transit (GC24) was directly 

correlated with total calorie intake (P=.03) and total fiber intake (P=.01), and inversely 

correlated with age (P=.03).
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Relationship between breath tests and other parameters

Breath methane excretion was numerically greater in constipated subjects than in controls at 

all timepoints (Figure 1). However, breath hydrogen and methane excretion (AUC) were not 

different (P=.20) between patients and controls. After adjusting for constipation status, a 

positive hydrogen breath test was associated with higher dietary protein intake (P=.05) and 

slow colonic transit (P<.05). Breath methane excretion (AUC) was positively associated with 

dietary fiber intake (P<.05).

Relationship between abundance of functional genes in the colonic mucosa and other 
parameters

The colonic mucosal abundance of hydrogenogenic and hydrogenotrophic genes was not 

associated with age, sex, or body mass index (BMI) (data not shown). However, these genes 

(FeFe-hydA, mcrA, and dsrA) were more abundant in constipated patients than healthy 

people (Figure 2), even after adjusting for colonic transit. The abundance of FeFe-hydA was 

inversely correlated with methane production (AUC) (r=−0.37, P=.02) and directly 

correlated with slow colonic transit (r=0.26, P=.047). No other associations between these 

genes and diet, colonic transit, and breath methane or hydrogen excretion were significant.

Relationships between abundance of functional gene targets in stool and other 
parameters

The abundance of hydrogenogenic and hydrogenotrophic genes in feces was not associated 

with age, sex, or BMI (data not shown). None of the genes in stool were associated with 

constipation or colonic transit. The abundance of fecal mcrA was positively associated with 

a positive hydrogen breath test (r=0.31, P=.04). The abundance of fecal FeFe-hydA was 

positively associated with dietary carbohydrate intake (r=0.37, P=.01). Associations between 

the abundance of fecal FeFe-hydA and breath hydrogen production remained nonsignificant 

even after adjusting for methane production and separately, for abundance of individual 

hydrogenotrophic genes. Conversely, associations between the abundance of individual 

hydrogenotrophic genes and breath methane production remained nonsignificant even after 

adjusting for hydrogen production and separately, abundance of fecal FeFe-hydA. No other 

associations between the fecal abundance of these genes and diet, colonic transit, and breath 

methane or hydrogen excretion were statistically significant.

Associations between abundance of functional genes and the colonic mucosal microbiota

The abundance of FeFe-hydA and dsrA in the colonic mucosa were separately associated 

with the overall microbiome composition assessed with both unweighted and weighted 

Unifrac distance (Table 2).

The abundance of mcrA in the colonic mucosa was associated with the overall microbiome 

composition assessed with unweighted but not weighted Unifrac distance. The abundance of 

several taxa in the mucosa correlated with the abundance of FeFe-hydA, mcrA, and dsrA in 

tissue (Table 3).

The genera Sphingobacterium and Pseudomonas correlated positively with dsrA and mcrA 
respectively, before, but not after, adjusting for false discovery rate. As previously reported, 
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16sRNA analyses disclosed that some of these microbes were also differentially (i.e., more 

or less) abundant in the colonic mucosa of constipated patients (4). In contrast, the 

abundance of these genes in stool was not associated with the composition of stool 

microbiome (data not shown).

Correlations between abundance of functional gene targets in stool and colonic mucosa

In the colonic mucosa, the abundance of FeFe-hydA correlated positively with the 

abundance of hydrogenotrophic genes. The abundance of hydrogenotrophic genes also 

correlated positively with each other (Figure 3).

In stool samples, the abundance of FeFe-hydA was positively correlated with mcrA (ρ=0.21, 

P<.05). The abundance of fecal FeFe-hydA tended to correlate with its abundance in mucosa 

(ρ=0.30, P=.06).

DISCUSSION

We observed previously that phylogenetic assessment of mucosal microbiota distinguished 

constipated and healthy subjects with 94% accuracy independent of colonic transit (4). 

Extending those findings, this study found that hydrogenogenic and hydrogenotrophic gene 

targets were more abundant in the colonic mucosa of constipated patients, and provides 

several insights into the relationship between gene abundance, colonic transit, and gases 

(30).

Gaseous byproducts of colonic fermentation have been implicated in IBS in general, and 

IBS-C in particular (5). Methane delivered at very high concentrations increased ileal muscle 

contractility in an ex vivo model of the guinea pig ileum and delayed small bowel transit in 

dogs (31). In this study, breath methane excretion was numerically greater in patients than in 

controls at individual time points. However, the overall breath methane excretion profile was 

not associated with constipation or slow colonic transit. One explanation is that only a subset 

of healthy individuals, approximately 30% in our population, produce methane at quantities 

detectable in breath (32), which is lower than the corresponding proportion (53%) in a study 

from Spain (33). The abundance of individual hydrogenogenic genes was not significantly 

associated with breath hydrogen production, even after adjusting for its utilization, i.e., to 

produce methane. Similarly, the abundance of individual hydrogenotrophic genes was not 

associated with breath methane production, even after adjusting for the availability of 

hydrogen, its substrate. Taken together, these observations suggest that breath methane and 

hydrogen excretion is not a useful measure of the abundance of hydrogenogenic and 

hydrogenotrophic genes in humans.

The abundance of hydrogenotrophic and hydrogenogenic genes was significantly correlated 

in both colonic mucosa and feces. This is beneficial because the hydrogenotrophic process 

prevents accumulation of hydrogen, which would thermodynamically restrict further 

fermentation (6). Thus, hydrogen removal ensures fermentation of substrates to more 

oxidized end products, hence increasing the energy yield of fermentative microbes. The 

abundance of the methanogenic gene mcrA and the hydrogenogenic gene FeFe-hydA, were 

respectively not correlated with breath methane and hydrogen production, perhaps because 
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breath methane and likely also hydrogen, are not accurate markers of colonic methane and 

hydrogen production (8). Further, the abundance of the methanogenic gene mcrA or the 

hydrogenogenic gene FeFe-hydA, may not reflect their activity (36).

The colonic mucosal abundance of hydrogenogenic and hydrogenotrophic genes were 

associated with the overall composition of the colonic mucosal microbiome evaluated with 

unweighted and weighted analyses. Indeed, several taxa that correlated with the abundance 

of genes in this study were also differentially abundant in the mucosal microbiota of healthy 

and constipated persons (4). Moreover, taxa that were more abundant (i.e., Bacteroidetes, 

Proteobacteria; Pseudomonas) in constipated patients were positively correlated with FeFe-
hydA, dsrA, and mcrA. Conversely, taxa that were less abundant (i.e., Proteobacteria; 

Comamonas, Proteobacteria; Delftia, Proteobacteria; Agrobacterium) in constipated patients 

inversely correlated with FeFe-hydA, dsrA, and mcrA. Hence, it is conceivable that 

differences in these taxa at least partly explain why hydrogenogenic and hydrogenotrophic 

genes were more abundant in constipation.

Relationships between taxa abundance and functional gene targets may provide insights into 

the contribution of individual organisms to the overall microbial hydrogen economy. For 

example, first, some Bacteroidetes express the gene FeFe-hydA, which may explain the 

correlation between this phylum and FeFe-hydA (24, 37). Second, taxa belonging to phyla 

Proteobacteria and Actinobacteria correlated inversely with FeFe-hydA. To speculate, the 

colonic abundance of these phyla may be inversely correlated with the abundance of the 

phylum Firmicutes, which are strong hydrogen producers (6). Third, Bacteroidetes encode 

sulfatases (38), which liberate sulfate from sulfated mucins. Sulfate-reducing bacteria (SRB) 

contain dsrA, which utilizes sulfate and hydrogen to produce hydrogen sulfide. Sulfate 

promotes the growth of SRB (39). Perhaps this explains the correlation between 

Bacteroidetes and dsrA-harboring SRB, which generate sulfate and synthesize hydrogen 

sulfide, respectively. Subject to the caveat that the phylogenetic assessment relied on 16S 

rRNA gene sequences while the functional gene abundance was evaluated with qPCR 

techniques, taxa that are known hydrogen producers (e.g., Roseburia spp. and Ruminococcus 
spp) were not significantly different between healthy and constipated subjects. Refining our 

understanding of the relationships between specific taxa and functional genes will require 

metagenomic approaches.

In contrast to the colonic mucosa, few correlations were observed between hydrogenogenic 

and hydrogenotrophic gene abundance in stool and constipation or the stool microbiome. 

Correlations between the abundance of mcrA and a positive hydrogen breath test and 

between the abundance of the hydrogenogenic gene FeFe-hydA and the hydrogenotrophic 

gene mcrA were significant, likely due to the syntrophic nature of organisms which create 

these respective metabolites. Similar to the phylogenetic assessment of the microbiome (4), 

the abundance of gene targets in stool and colonic mucosa were not correlated, which 

reinforces the importance of obtaining both fecal and colonic mucosal samples. Dietary 

carbohydrate intake was associated with the abundance of FeFe-hydA in feces, presumably 

because fermentable carbohydrates are a major substrate for microbial hydrogen production 

(40).
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Limitations of this study include target gene activity depends on factors other than their 

abundance, such as substrate availability, environment, and the evolution of the organism 

(41). While microbial communities are ubiquitous throughout the colon, there may be 

regional differences (6). The current sample size provided 80% power to detect a relatively 

large effect size, that is 0.8SD (within-group standard deviation) between groups. Hence, a 

type 2 error may explain why some differences were not statistically significant and may 

have also limited our ability to identify significant relationships, for instance, between the 

abundance of genes and the composition of specific microbiota as also between the 

abundance of FeFe hydA and breath hydrogen excretion. The relationship between the 

abundance of mrcA and 16S rRNA genes of methane producing microbes (i.e., Archaea) 

was not evaluated.

In conclusion, similar to our prior phylogenetic assessment of microbiota, the functional 

genes associated with H2 production and utilization in the colonic mucosa were more 

abundant in constipated patients than healthy people, independent of colonic transit. While 

the abundance of hydrogenogenic and hydrogenotrophic genes was correlated, the 

abundance of these genes was not associated with the breath levels of their respective gases 

after lactulose ingestion. Breath methane was not related with constipation or colonic transit. 

A larger study integrating phylogenetic, transcriptomic, functional genomic, and 

metagenomics techniques with physiologic parameters is necessary to more fully resolve 

how microbes generating and disposing of H2 impact colonic function.
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Glossary

BMI body mass index

FC functional constipation

GC geometric center

GE gastric emptying

IBS irritable bowel syndrome

MiRKAT Microbiome Regression-Based Kernel Association Test

99mTc technetium-99m
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KEY POINTS

• Mucosal but not fecal abundance of hydrogenogenic and hydrogenotrophic 

genes are greater in constipated than healthy people even after adjusting for 

slow colonic transit.

• These differences can be partly explained by differences in the abundance of 

specific taxa between healthy and constipated people.

• Breath hydrogen and methane were not observed to be (i) significantly 

different between health and constipation, (ii) associated with slow colonic 

transit, or (iii) correlated with colonic mucosal or fecal abundance of 

functional genes encoding enzymes contributing to their production.
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Figure 1. 
Breath methane concentration after lactulose intake.
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Figure 2. Differences in mucosal gene abundance in health and constipation
P values are adjusted for colonic transit. **P<0.005, ***P<0.001; FeFehydA, FeFe 

hydrogenase; dsrA, dissimilatory sulfite reductase A; mcrA, methyl coenzyme M reductase 
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Figure 3. Correlations among abundance of genes in colonic mucosa
Values represent Spearman correlation coefficients. **P<.005, †P<.001; FeFehydA, FeFe 

hydrogenase; dsrA, dissimilatory sulfite reductase A; mcrA, methyl coenzyme M reductase 
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Table 1

Summary of Patient Characteristics *

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

Breath hydrogen (AUC, ppm* min) 7154±4716 6483±5824 .44

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: AUC, area under the curve; BMI, body mass index; GC24, geometric center of colonic transit at 24 hours; GC48, geometric center 
of colonic transit at 48 hours

*
All data presented as mean (SD)
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Table 2

Association Between Mucosal Gene Abundance and Overall Mucosal Microbiota Composition *

Gene Unweighted Unifrac Weighted Unifrac Bray-Curtis dissimilarity

Mucosal

FeFe-hydA .002 .02 .07

dsrA .002 .004 .08

mcrA .03 .19 .007

Fecal

FeFe-hydA .21 .54 .30

dsrA .37 .16 .28

mcrA .79 .66 .49

*
All values are P values from the Microbiome Regression-Based Kernel Association Test
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Table 3

Association Between Mucosal Gene Abundance and Mucosal Microbiota Abundance

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

FeFe-hydA Phyla

Actinobacteria −0.22 .006 .02

Bacteroidetes * 0.23 .05 .08

Proteobacteria −0.58 .002 .01

Family

Actinobacteria;Propionibacteriaceae −0.35 .006 .09

Bacteroidetes;Odoribacteraceae † −0.06 .03 .24

Bacteroidetes;Sphingobacteriaceae 0.46 .02 .19

Proteobacteria;Comamonadaceae † −0.52 .001 .03

Genus

Actinobacteria;Propionibacterium −0.35 .003 .06

Bacteroidetes;Odoribacter † −0.19 .02 .19

Proteobacteria;Comamonas † −0.25 .02 .19

Proteobacteria;Delftia † −0.45 .002 .06

dsrA Phyla

Bacteroidetes * 0.33 .04 .09

Proteobacteria −0.50 .02 .08

Family

Bacteroidetes;Barnesiellaceae 0.04 .03 .28

Proteobacteria;Bradyrhizobiaceae −0.28 .04 .28

Proteobacteria;Comamonadaceae † −0.43 .02 .26

Proteobacteria;Rhizobiaceae −0.48 .02 .26

Genus

Bacteroidetes;Odoribacter † −0.30 .02 .14

Bacteroidetes;Sphingobacterium 0.28 .008 .14

Firmicutes;Ruminococcus −0.22 .03 .23

Proteobacteria;Agrobacterium † −0.48 .01 .14

Proteobacteria;Bradyrhizobium −0.28 .05 .28

Proteobacteria;Delftia † −0.48 .009 .14

mcrA Phylum

Actinobacteria −0.25 .04 .11

Proteobacteria −0.36 .02 .08

Family

Bacteroidetes;Odoribacteraceae † −0.14 .01 .17

Bacteroidetes;Paraprevotellaceae −0.39 .02 .18

Proteobacteria;Comamonadaceae † −0.44 .03 .23

Proteobacteria;Pseudomonadaceae 0.30 .04 .25
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Gene Taxon Spearman’s correlation coefficient P value FDR-adjusted P value

Proteobacteria;Rhizobiaceae −0.48 .004 .12

Genus

Actinobacteria;Propionibacterium −0.36 .04 .27

Bacteroidetes;Odoribacter † −0.28 .003 .06

Firmicutes;Butyrivibrio −0.05 .05 .30

Proteobacteria;Agrobacterium † −0.48 .003 .06

Proteobacteria;Delftia † −0.43 .008 .10

Proteobacteria;Pseudomonas * 0.30 .04 .27

Abbreviations: FDR, false discovery rate

*
More and † less abundant in colonic mucosa of constipated patients with 16sRNA
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