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Abstract

Methanogens are methane-producing, hydrogen-oxidizing (i.e. hydrogenotrophic) archaea. Numerous studies have associated
methanogens with obesity, but these results have been inconsistent. One link to metabolism may be methanogens’ hydrogen-oxidizing
ability, thus reducing hydrogen partial pressure and thermodynamically enhancing fermentation of sugars to short-chain fatty acids
(SCFAs) that the host can absorb. Because research linking methanogenesis to human metabolism is limited, our goal with this
exploratory analysis was to investigate relationships between methanogens and other hydrogenotrophs, along with the association of
methanogens with human metabolizable energy (ME). Using results from a randomized crossover feeding study including a western diet
and a high-fiber diet, well-characterized human participants, and continuous methane measurements, we analyzed hydrogenotroph
abundance and activity, fecal and serum SCFAs, and host ME between high and low methane producers. We detected methanogens
in about one-half of participants. We found no evidence that methanogens’ consumption of hydrogen to produce methane affected
other hydrogenotrophs. High methane producers had greater serum propionate and greater gene and transcript abundance of a key
enzyme of the hydrogen-consuming, propionate-producing succinate pathway. High methane producers also had greater ME than low
producers on the high-fiber diet. A network analysis revealed positive relationships between the methane-production rate and bacteria
capable of degrading fiber and fermenting fiber-degradation products, thus forming a trophic chain to extract additional energy from
undigested substrates. Our results show that methanogenesis in a microbial consortium was linked to host ME through enhanced
microbial production, and subsequent host absorption, of SCFAs.
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Introduction acetate and butyrate production, while high partial pressure
favors propionate production [8].

The H, produced by fermentation can be oxidized by microor-
ganisms known as hydrogenotrophs in well-known microbial
processes that produce acetate, sulfide, or methane [9]. The
three common groups of hydrogenotrophic microorganisms in
the human colon are homoacetogenic bacteria, sulfate-reducing
bacteria (SRB), and methanogenic archaea. These three groups
can use H; as an electron donor to produce energy [9]. The
hydrogenotrophic groups, their substrates and products, and the
fate of their products are summarized below (Fig. 1).

Homoacetogenic bacteria, which include species in the genera
Blautia, Clostidium, and Ruminococcus, oxidize H, and reduce CO,
to make acetate using the Wood-Ljungdahl pathway [10]. The
stoichiometry for homoacetogenesis is:

The human body hosts ~38 trillion bacterial cells, most of which
reside in the colon [1]. Besides bacteria, the intestinal microbiota
also includes archaea, protists, and viruses [2]. One of the impor-
tant functions of the intestinal microbiota is fermentation [3].
Unmetabolized macronutrients entering the colon become sub-
strates for bacterial hydrolysis and fermentation, which generates
simple products, such as Hy, CO,, and short-chain fatty acids
(SCFAs) [4].

Although SCFAs have received much attention due to their
impact on host health [5], H, remains understudied despite its
importance to the microbiome. High H, partial pressure inhibits
fermenting bacteria from regenerating NAD* from NADH, which
decreases the fermentation of complex substrates and impairs
microbial growth [6, 7]. H, partial pressure also influences the
thermodynamics of SCFA production: Low partial pressure favors 4H, 4+ 2C0O, — CH3COOH + 2H,0 (1)
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Figure 1. Hydrogenotrophic processes in the human colon when the macronutrient input is carbohydrate. Fiber that reaches the colon is hydrolyzed
and fermented by the microbiome to produce SCFAs, Hy, and CO,. Most SCFAs are absorbed by the host or excreted in feces. Although some H is
released through the breath or flatus, most is metabolized in the colon by homoacetogenesis, dissimilatory sulfate reduction, or methanogenesis.
Acetate produced though hydrogenotrophy is absorbed by the host or excreted in feces. CHs and some hydrogen sulfide produced through
hydrogenotrophy are released through the breath or flatus. Figure created using biorender.

Homoacetogens carrying out reaction (1) are autotrophs, which
means that their carbon source is inorganic carbon, or CO,. How-
ever, most homoacetogens are not obligate hydrogenotrophs and
can ferment organic substrates, such as glucose, as the electron
donor and carbon source [11].

SRB in the genera Desulfovibrio and Fusobacteria oxidize H, and
reduce sulfate to sulfide through dissimilatory sulfate reduction
[12]:

4H, + SO?™ + 2H" — H,S + 4H,0 2)

Like homoacetogens, SRB can also ferment organic substrates,
such as lactate and pyruvate [11].

The predominant methanogen in the human colon is Methano-
brevibacter smithii, although Methanosphaera stadtmanae and
Methanomassiliicoccus spp. are sometimes detected [13]. Methano-
gens can be categorized into three groups: (i) hydrogenotrophic
methanogens that reduce CO, (or formate); (ii) acetoclastic
methanogens that ferment acetate to CH; and CO,; and (iii)
methylotrophic methanogens that oxidize and reduce methanol
to CH4 and CO, [14]. All methanogens found in human intestines
so far are hydrogenotrophic [15]:

4H, + COy — CHy4 + 2H,0 (3)

Unlike homoacetogens and SRB, hydrogenotrophic methanogens
do not have alternative metabolic pathways: They rely solely on
H, and CO; for their metabolism, and detected CHy is always
produced via a Hy-consuming process.

CH, also is unique among the hydrogenotrophs because it is
only made by archaea and is not metabolized by the human
body [16]. In contrast, H,S is produced from other microbial
sulfur metabolisms [17] and metabolized by mitochondria in host
colonocytes [18]. Likewise, acetate is produced through fermenta-
tion by many bacteria [19], and it is a common substrate for any
respiring bacteria [20].

Some evidence supports that methanogens have an impact
on host metabolism in mouse models [11]. For example, mice
inoculated with methanogens showed increased weight and adi-
posity despite consuming the same amount of food as controls
[21, 22]. However, the role of methanogens in human metabolism
is complicated and controversial. Studies have found conflicting
correlations between methanogens and obesity/leanness [23] and
anorexia [24].

Here, we investigated relationships between methanogens
and the other hydrogenotrophs, along with the impact of
methanogens on human-host metabolism, in samples from a
tightly controlled randomized crossover feeding study with well
characterized human participants [25]. Briefly, the researchers
evaluated the microbial contribution to human-host energy
balance using two distinctly different diets: the Western Diet
(WD) and the Microbiome-enhancer Diet (MBD). The WD was
comprised of foods that were low in fiber and resistant starch,
small in particle size (such as peanut butter vs. whole nuts on
the MBD), and included processed foods. The MBD, in contrast,
was designed to deliver more microbial substrates to the colon
by being less absorbable by the host. The MBD contained more
whole foods, fiber, resistant starch, and was limited in processed
foods. They found that diet altered microbiome’s structure, and
that the microbiome’s metabolic activity contributed to host
metabolizable energy (ME).

The results from the controlled randomized crossover feeding
study [25] are particularly well-suited for a deeper investigation
into methanogens and their role in the microbiome and host
metabolism. That study strictly accounted for energy input (diet),
energy expenditure, and energy output (urine, feces, gas). Addi-
tionally, they continuously measured CH, production during the
inpatient portion of the study using a first-in-human method
within a whole room calorimeter [26]. Combining the study’s
CH4 measurements with its multi-omic data allows us to detect
relationship among the methanogens, the other hydrogenotrophs,
and the human host.

Because the hydrogenotrophs compete for Hy, we hypothesized
that high methanogenic activity would lead to a lowering of
homoacetogenic and sulfate-reduction activities. These changes
in the microbial community would then be associated with factors
related to the human host’s metabolism: e.g. fecal SCFA output,
serum SCFA concentration, and host ME. We found that, rather
than directly affecting host metabolism, methanogenesis may be
a biomarker for a microbiome with enhanced ability for energy
extraction.

Subjects and methods
Overview of clinical study

Details of the clinical study (NCT02939703) from which the
data and samples for this work were derived were previously
published [25, 26]. Briefly, the clinical study was approved by
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the AdventHealth Institutional Review Board and conducted at
the AdventHealth Translational Research Institute in Orlando,
Florida. After signing informed consent and evaluating eligibility,
17 participants (nine men and eight women) were enrolled
and completed the study, which was a randomized crossover-
controlled feeding study with the WD as a control and the
MBD as an intervention. This design minimized the impact of
confounders as each participant served as their own control. The
study period took place over 61 days. Each participant’s caloric
requirement was determined during the baseline period (days
1-9), and meals were prepared uniquely for each participant to
maintain energy balance. Participants consumed those meals
outpatient for 11 days then inpatient for the next 11 days with
a>14-day washout between diet periods. During the 11-day
inpatient stay for each diet, each participant’s energy expenditure
was measured in whole room calorimeter for 6 days and fecal
samples were collected.

CH; measurements

CHj4 release was measured continuously during each 6-day period
that the participant was in the whole-room calorimeter. CHy
concentration was measured with an off-axis integrated-cavity
output spectroscopy (OA-ICOS). A detailed description and vali-
dation of the method can be found elsewhere [27].

Colonic transit time

Colonic transit time (CTT) was measured while participants were
in the whole-room calorimeter. Participants ingested a SmartPill
(Medtronic) that sent data to a sensor worn by the participants
recording temperature, pressure, and pH [26].

Host metabolizable energy

Briefly, host ME, the energy from the diet available to the host [28],
was computed as the total energy intake minus the energy lost in
the feces. Calculation details are previously published [25].

Fecal and serum short chain fatty acids

Fecal and fasting serum SCFAs were quantified by targeted
metabolomics (Metabolon, Inc., Mooresville, NC). Fecal SCFAs
were normalized as previously published [25].

Quantification of key hydrogenotroph genes

The abundances of the homoacetogens, SRB, and methanogens
were measured using the quantitative polymerase chain reaction
(qPCR) for genes that identify each hydrogenotroph: acsB for
homoacetogens, dsrA for SRB, and mcrA for methanogens. DNA
samples used for the gPCR assays of key hydrogenotroph genes
were the same as those used for qPCR of 16S rRNA genes
as previously published [25]. Primers, thermocycler settings,
standards, and references for each gene are summarized in
Supplementary Table 1. All gPCR assays were performed on a
Thermofisher Applied Biosystems Quant Studio 3. Standards for
each gene were custom IDT gBlocks gene fragments of the target
genes from a representative microbe of each hydrogenotroph
group. 7-point calibration curves for each assay were generated
in triplicate using gene copy numbers ranging from 10? to 108 of
their respective gene standards.

The gPCR values were transformed from log to exponential
values, normalized to daily fecal output, giving us daily fecal copy
number (gene copy numbers/day). Because each hydrogenotroph
contains one gene copy per cell of their respective gene [29-31],
gqPCR measurements of gene copy number provided an accurate
estimate of hydrogenotroph cell numbers/day in the feces.

DNA sequencing and sequence processing

We used DNA sequences and taxonomic data that were pre-
viously published [25]. However, we generated annotated genes
abundances for this manuscript. To generate the gene abun-
dance data, DNA sequences were quality controlled with FastQC
(version 0.12.0) [32]. Adapters were trimmed using TrimGalore
(version 0.6.5) [33]. DNA sequences were then aligned to Hg38
(GRCh38.p14) using bowtie2 (version 2.4.4) [34]. Aligned sequences
were removed, and the remaining reads were paired and anno-
tated using HUMAnN3 (version 3.8) [35] using standard param-
eters. A small pseudo-count (equal to half of the lowest non-
zero count) was added to any zeros and gene abundances were
centered log-ratio transformed as suggested for the analysis of
compositional data [36, 37].

RNA extraction, library preparation, and
sequencing

For RNA sequencing, aliquots were taken from the same fecal
samples used for DNA sequencing. Fecal-sample processing, RNA
extraction, library prep, and mRNA sequencing were performed at
the University of North Carolina at Chapel Hill Microbiome Core
(Chapel Hill, NC, USA), which is supported by the following grants:
Gastrointestinal Biology and Disease (CGIBD P30 DK034987) and
the UNC Nutrition Obesity Research Center (NORC P30 DK056350).
RNA was extracted using the Qiagen RNeasy PowerMicrobiome
Kit (Cat No./ID: 26000-50). RNA depletion was performed using
QIAseq FastSelect-55/16S/23S Kit (Cat No./ID: 335925), and library
prep was performed using QIAseq Stranded Total RNA Lib Kit (Cat
No./ID: 180745). RNA samples were sequenced using the HiSeq
4000 PE150 platform (Illumina). To avoid batching effects, fecal
samples were randomized prior to nucleic acid extraction and all
samples were sequenced at the same time.

RNA-sequence processing

RNA-sequencing outputs were quality controlled with FastQC
(version 0.12.0) [32]. Adapters were trimmed using TrimGalore
(version 0.6.5) [33]. RNA sequences were aligned against Hg38
(GRCh38.p14) using STAR (version 2.7.11a) [38]. Aligned sequences
were removed, and the remaining reads were paired and anno-
tated using HUMANNS3 (version 3.8) [35] using standard parame-
ters A small pseudo-count (equal to half of the lowest non-zero
count) was added to any zeros and transcript abundances were
centered log-ratio transformed as suggested for the analysis of
compositional data [36, 37].

Wilcoxon signed rank test

The Wilcoxon signed rank test was used to compare the median
logio(daily fecal copy number/day) for hydrogenotroph marker
genes mcrA (methanogens), acsB (homoacetogens), and dsrA (SRB).
Samples in which a gene was undetected were given a gene copy
number of 1 and then log transformed.

Categorizing high and low methane producers

Because methane production rates followed a bimodal distribu-
tion (Supplementary Figure 1), study participants were catego-
rized as either a high CH,4 producer or a low CH, producer for sub-
sequent statistical testing. Methane production rates were logio
transformed and tested for multimodality by the Excess Mass
Test (Excess mass=0.22, P-value <2.2e — 16) using the modetest
function from the R package “multimode” (version 1.5) [39]. Using
the locmodes function in the same package, the threshold for high
CH,4 production was found to be 37 mL CH,/day. Thus, participants
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were evaluated on a per sample basis and categorized as a high
methane producer (>37 mL CHy/day) or low methane producer
(<37 mL CH,/day) irrespective of diet.

Linear mixed model

We used a linear mixed model (LMM) to test the relationship
between high and low CH; producers, our binary categorical
primary independent variable of interest, and outcome variables.
We accounted for the effects of diet, diet period, diet sequence,
and colonic transit time (CTT) by including them as covariates
in our LMMs. We included participant ID as a random factor to
account for the non-independence of the samples. An interaction
term between CH, producers and diet was included in the model
for host ME. Details about dependent and independent variables,
covariates, and random term used in our LMMs can be found in
Supplement Table 2. LMMs were run using the Imer command
from the R package “ImerTEST” (version 3.1-3) [40].

The residuals of each LMM were evaluated for a normal dis-
tribution by using qqnorm and shapiro.test commands, both of
which were from the R package “stats” (version 4.2.2) [41]. The
Benjamini-Hochberg method was used to correct for multiple
comparisons and adjusted P-values <0.10 were considered signif-
icant. The same analyses were completed with CH, as a continu-
ous variable. The results of the continuous-variable analyses are
in the Supplementary Data.

Network analysis

Microbiome network analysis was performed using the Cytoscape
(version 3.10.2) [42] plugin Conet (version 1.1.1) [43], an ensemble
co-occurrence analysis tool. Conet was run with default settings
using Pearson, Spearman, Mutual Information, Bray-Curtis dis-
similarity, and Kullback-Leibler dissimilarity to detect associa-
tions between microorganisms. The Benjamini-Hochberg method
was used to correct for multiple comparisons, and adjusted P-
values <0.05 were considered significant.

Results and discussion

Homoacetogens and SRB were present in all
participants, but not all participants had
methanogens

We investigated the abundance of methanogens, homoacetogens,
and SRB among the trial participants. We performed qPCR target-
ing genes that encode enzymes in the hydrogenotrophic pathways
for each group: mcrA for methanogens, acsB for homoacetogens,
and dsrA for SRB.

We detected methanogens in only nine participants for both
diets and one participant for only the MBD (Fig. 2). Consequently,
the average logip (gene copy number/day) was 5.3+4.8 for
methanogens. In contrast, we detected homoacetogens and SRB
in all 17 participants for both diets. On average, homoacetogens
were more abundant than SRB: logiy (gene copy number/day)
of 10.2+0.46 for homoacetogens versus 8.8+0.86 for SRB, but
homoacetogens and SRB were more abundant than methanogens.
Detecting methanogens in only some participants is consistent
with past results showing that the abundance of M. smithii in the
human gut was either high or very low [44, 45]. The presence
or absence of methanogens can have important implications for
hydrogenotrophs in a microbiome. In mixed-culture experiments,
SRB became the dominant hydrogenotroph when methanogens
were inhibited [11]. In co-culture experiments, Bacteroides
thetaiotaomicron expressed more glycoside hydrolases, enzymes
that break down polysaccharides, and degraded and fermented
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Figure 2. Abundances of hydrogenotrophs in daily fecal copy numbers
[logio (gene copies/day)] measured by qPCR. Daily fecal copy numbers
are gene copy numbers measured in feces and normalized to daily fecal
output. Homoacetogens and SRB were detected in all participants in
both diets. Methanogens were only detected in nine participants in both
diets and one participant in the MBD. Homoacetogens were more
abundant than SRB and methanogens. SRB were more abundant than
methanogens. Abundance medians are marked by horizontal black bars.
Comparison tests between abundance medians were performed with
Wilcoxon signed rank test. *: Adj. P-value <0.10, **: Adj. P-value <0.05,
***: Adj. P-value <0.01, ***: Adj. P-value <0.0001. NS is non-significant
with an adjusted P-value >0.10. (BH adjustment, N=17).

more glycans when the methanogen M. smithii was present,
compared to when the SRB Desulfovibrio piger was present [22].

Homoacetogens and SRB did not show patterns
of competition with methanogens

The absence of methanogens in a portion of the participants
might lead to differences in competition for H, among the
hydrogenotrophs. We hypothesized that, in the absence of
methanogens, homoacetogens or SRB (or both) would become
more abundant and active. To test the hypothesis that homoace-
togens or SRB (or both) would become more abundant and active,
we compared mean methanogen, SRB, and homoacetogen daily
fecal copy numbers and gene and transcript abundances of key
genes in each hydrogenotrophic pathway between high and low
CH, producers. We used the key genes and their transcripts
instead of all the genes in the pathways, because many of the
genes in the hydrogenotrophic homoacetogenic pathway and
dissimilatory sulfate reduction pathway are also used in other
types of metabolisms, such as the one-carbon pathway and
assimilatory sulfate reduction pathway, respectively [12, 22, 46].

Compared to low CH, producers, high CH, producers had larger
methanogen daily copy numbers in the feces and abundance of
mcrA genes and transcripts, (Fig. 3A). In contrast, homoacetogen
daily copy numbers, acsB genes, and acsB transcripts were not
significantly different between the two groups (Fig. 3B). Although
SRB copy numbers were higher in high CH, producers, dsrA
gene and transcript abundances were not significantly different
between the two groups (Fig. 3C).

Our results suggest that competition for H, was not a factor
limiting the growth and accumulation of SRB and homoacetogens.
One explanation is that SRB and homoacetogens have diverse
metabolisms and do not rely solely on H, as an electron donor [46,
47]. For example, SRB can utilize lactate for sulfate respiration [17]
or for fermentation in the absence of sulfate [48, 49]. Homoace-
togens can also ferment sugars instead of oxidizing H, during
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Figure 3. Comparisons of mean hydrogenotroph daily fecal copy numbers, gene and transcript abundance between CHy groups. (A) Methanogen daily

fecal copy numbers, mcrA genes, and mcrA transcripts were significantly higher in high CH4 producers than low CHy producers. (B) Homoacetogen

daily fecal copy numbers, acsB genes, and acsB transcripts were not significantly different between CHy groups. (C) SRB daily fecal copy numbers were

significantly higher in high CH4 producers than low CH4 producers, but dsrA genes, and dsrA transcripts were not significantly different between the
CHy groups. CLR is the centered log-ratio transformation. Group means are marked by white diamonds. Group medians are marked by horizontal
black lines. All means comparisons were made by linear mixed model. *: Adj. P-value <0.10, **: Adj. P-value <0.05, ***: Adj. P-value <0.01, ***: Adj.
P-value <0.0001. NS is non-significant with an adjusted P-value >0.10. (BH adjustment, N=17).

hydrogenotrophic homoacetogenesis [50]. Although homoaceto-
gens can grow mixotrophically, using hydrogenotrophy and fer-
mentation simultaneously for energy generation, an experiment
evaluating the mixotrophy of Blautia coccoides, a homoacetogen
found in the human gut, revealed that hydrogenotrophy was
inhibited by glucose [51]. The high abundance of acsB genes
relative to the low abundance of acsB transcripts suggests that
homoacetogens may not have been relying on H, for electrons.
Another explanation is that the electron flow to CHs was too

small to have had a major impact on the other hydrogenotrophs’
metabolic function. Indeed, electron flow to CHs was ~1% of the
electron-equivalent intake to the large intestine [52].

High CH, producers had higher serum

propionate concentrations than low CH,

producers

Although hydrogenotrophs did not appear to compete for H, and
the flow of electrons into CHs was small, CH4 production still may
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have had an impact on the H;, concentration in the large intestine.
Because fermentation is inhibited by high H, partial pressure
[53], additional H, consumption by methanogens may still have
relieved a thermodynamic inhibition on fermentation and led to
greater fecal SCFA outputs and serum SCFA concentrations. Fecal
SCFA were not significantly different between groups, although
the means were consistently lower for the high CH, produc-
ers (Fig. 4A). In contrast, serum propionate concentrations were
higher in high CH,4 producers than low CH, producers (Fig. 4B).

Fecal and serum SCFAs are difficult to interpret on their own.
Fecal SCFAs are the result of microbial production and cross feed-
ing, and host absorption. Once absorbed by colonocytes, butyrate
is used as an energy source and propionate is used for intestinal
gluconeogenesis [54]. Any remaining SCFAs then pass through
the liver and into systemic circulation [20, 55] and are measured
as serum SCFAs. Acetate is the most abundant serum SCFA,
while propionate and butyrate are measured in concentrations
considerably smaller than acetate [20, 55]. Isotope studies have
shown that serum acetate comes from microbial and endoge-
nous sources, but propionate and butyrate are mostly almost
entirely microbially produced in the intestine [20, 55]. Therefore,
the opposing relationships of fecal SCFA and serum propionate
with CH4 production suggest a faster rate of SCFA uptake in
participants that produced more methane.

High CH, producers had a higher abundance of
genes and transcripts for a propionate-producing
pathway

Given the positive association between serum propionate and
CH4-production rate, we investigated if propionate production
could have been altered by methanogenesis. We evaluated the
relationship between the CH,-production rate and the abundance
of key microbial genes and transcripts for microbial pathways
for propionate production. The common propionate-producing
pathways, the succinate and acrylate pathways [54], consume
H, [55]. The succinate pathway has two variants, one using
methylmalonyl-CoA decarboxylase (mmd) and the other using
methylmalonyl-CoA carboxyltransferase (MMCT). The acrylate

pathway is characterized by the acryloy-CoA reductase (acr) [54,
55]. The abundances of the mmd genes and transcripts were higher
in high CH,4 producers (Fig. 5A), MMCT genes and transcripts were
not different between groups (Fig. 5B), and acr gene abundance,
but not transcript abundance, was higher in high CH4 producers
(Fig. 5C).

Miceli et al. [56] showed that methanogenic microbial com-
munities, while maintaining CH, production rates, increased
propionate production in response to increased carbohydrate
availability for fermentation. We calculated the average amount
of H, consumed by methanogenesis and propionate production
in participants with detectable methanogen fecal copy numbers.
The calculations can be found in the Supplementary Materials.
We found that methanogenesis consumed, on average, ~0.12
e~ eg/day of H,, whereas we estimated that propionate pro-
duction could have consumed as much as 716 e~ eg/day of
H,, assuming all propionate was produced via the succinate
pathway. Our calculations support the notion that electron
flow to propionate production was substantially greater than to
methanogenesis.

Host ME was higher for high CH, producers, but
only for the MBD

Absorption of microbially generated SCFA has been estimated to
contribute up to 10% of human daily caloric uptake [57], and our
results indicate that high CH4 production may be an indicator
or biomarker of increased SCFA absorption by the host. Thus, we
compared host ME between high and low CH, producers. Because
diet had a strong effect on host ME, we also evaluated if diet and
CH,4-producer group had a combined effect on host ME. High CH,
producers had a significantly higher host ME than low producers
on the MBD, but not on the WD (Fig. 6).

Because methanogens in the human colon comprise only
~1.2% of the microbiome [58] and rely solely on H, plus CO, (or
formate) for energy [59, 60], they neither produce nor consume
SCFAs. In principle, methanogens could have contributed to
increased host ME by consuming H, and thermodynamically
accelerating fermentation to SCFAs. As we showed above, the
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Figure 5. Comparison of gene and transcript abundance for the propionate-producing succinate (mmd and MMCT) and acrylate (acr) pathways between
CHy groups. (A) Mmd (methylmalonoyl-CoA decarboxylase) gene and transcript abundance were significantly higher in high CH4 producers than low
CH,4 producers. (B) MMCT (methylmalonyl-CoA carboxyltransferase) gene and transcript abundance were not significantly different between high and
low CH4 producers. (C) Acr (acroyl-CoA reductase) genes were significantly higher in high CHy producers than low CHy producers, but transcripts were
not significantly different between high and low CH, producers. CLR is centered log-ratio transformation. Group means are marked by a white
diamond. Group medians are marked by horizontal black line. All means comparisons were made by linear mixed model. *: Adj. P-value <0.10, **: Adj.
P-value <0.05, ***: Adj. P-value <0.01, ***: Adj. P-value <0.0001. NS is non-significant with an adjusted P-value >0.10. (BH adjustment, N=17).

electron flow to CH, was small relative to the potential electron
flow to propionate. A more compelling explanation is that
methanogens were a key component of a microbial community
thatenabled greater host uptake of energy from the large intestine
in a fiber-rich, whole food diet.

Fiber-degrading bacteria and

propionate-producing bacteria co-occur with M.
Smithii
Considering the positive association between host ME and CHjs-
production rate in the MBD, along with methanogens’ inability
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Table 1. Microorganisms positively associated with CH4 production rate. Bacteria and archaea significantly and positively associated
with CH4 production. Asaccharolytic bacteria lack the ability to degrade sugars and utilize other substrates, such as amino acids, or
cross-feed on bacterial metabolites such as lactate. All relationships were statistically significant after correcting for multiple

comparisons (adj. P-value <0.05, BH adjustment, N=17).

Fiber Degraders Fermenters

Asaccharolytic Unknown

Bacteroides caccae
Bifidobacterium adolescentis
Bifidobacterium pseudocatenulatum
Coprococcus catus
Coprococcus eutactus
Eubacterium eligens
Eubacterium halli
Lachnospira pectinoschiza
Parabacteroides merdae
Prevotella copri

Roseburia faecis

Alistipes shahii
Collinsella stercoris
Holdemanella biformis
Odoribacter splanchnicus

Desulfovibrio piger
Methanobrevibacter smithii
Phascolarctobacterium succinatutens

Eubacterium sp. CAG:251
Oscillibacter sp. 57_20
Slackia isoflavoniconvertens
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Figure 6. Host ME in high and low CH, producers by diet. Host ME was
significantly higher on the WD than the MBD for high CH, producers
and low CH4 producers. In the WD, host ME was not significantly
different between high and low CHy producers. However, in the MBD,
high CHy producers had significantly higher host ME than low CHy
producers. WD is the western diet. MBD is the microbiome enhancer
diet. Group means are marked by a white diamond. Group medians are
marked by horizontal black lines. All means comparisons and variable
relationships were made by linear mixed model. *: Adj. P-value <0.10, **:
Adj. P-value <0.05, **: Adj. P-value <0.01, ***: Adj. P-value <0.0001. NS
is non-significant with an adjusted P-value >0.10. (BH adjustment,
N=17).

to degrade fiber or ferment sugars, we looked for co-occurring
bacteria that made the methanogenic microbial community bet-
ter equipped to degrade and ferment organic substrates. We
used CoNet [42], a network co-occurrence inference tool, to find
bacteria strongly associated with CH, production. After correction
for multiple comparisons, 22 bacteria were positively correlated
with CH,4 production (Table 1).

Bacteria positively associated with CHy production were either
fiber degraders—(Bacteroides caccae [61], Bifidobacterium adolescentis
[62], Bifidobacterium pseudocatenulatum [63], Coprococcus catus [64],
C. eutactus [65], Eubacterium eligens [61], E. halli [66], Lachnospira
pectinoschiza [62], Parabacteroides merdae [64], Prevotella copri [65], and

Rosburia faecis [67])—or a diverse group of fermenters—(Alistipes
shahii [67], Colinsella stercoris [68], Holdemanella biformis [69], and
Odoribacter splanchnius [70]). Five of the 22 positively associated
bacteria produce propionate via the succinate pathway (B. caccae
[71], P. copri [54], C. eutactus [72], O. splanchnicus [71], and Phasco-
larctobacterium succinatutens [73]), which aligns with the results on
propionate-producing pathways (Fig. 5).

We hypothesize that a network consortium of fiber degraders,
fermenters, propionate producers, and methanogens provided the
host with more SCFA, and other substrates, and contributed to
higher host ME (Fig. 6). Indeed, co-culture experiments show that
in the presence of methanogens bacterial metabolism is steered
toward degradation of polysaccharides [22, 62, 64], growth is unin-
hibited by H, or fermentation products [66], and SCFA production
increases [65, 67, 71].

In the proposed microbial consortium, fiber degraders break
down polysaccharides into sugars; fermenters consume the
sugars to release acetate, butyrate, propionate, and H,; and
methanogens and propionate producers consume the H, and
keep fermentation thermodynamically favorable. Thus, the
methanogenic microbial communities can utilize more complex
substrates than non-methanogenic microbial communities.
Methanogenic microbial communities also can release more
substrates, in addition to SCFAs, such as other carboxylates and
monosaccharides in the intestinal lumen for the host to absorb,
increasing host ME. SCFA transporters in colonocytes can also
transport other carboxylates such as lactate and pyruvate [72],
which the colonocytes can use for biomass or energy production.
Colonocytes also have monosaccharide transporters and are thus
able to absorb sugars released from polysaccharide degradation
[74]. Furthermore, the expression of SCFA and monosaccharide
transporters in colonocytes is increased by their respective
substrates [75, 76] which would increase absorption of those
substrates. This explains how the methanogenic communities
can potentially produce more SCFAs and other substrates for the
host to absorb and contribute to previously observed differences
in energy extraction when the microorganisms are properly fed,
such as in the MBD [25].

Conclusion and future directions

Methanogens and methane production were present in only about
one-half of the study participants. Although methanogen fecal
copy numbers and mcrA genes and transcripts were higher in the
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high CH4 producers, SRB and homoacetogen fecal copy numbers,
genes, and transcripts had no relationship with CHs production.
Consequently, we saw no evidence that the methanogens’ uptake
of Hy to produce methane affected the other hydrogenotrophs.
This probably occurred because SRB and homoacetogens, unlike
methanogens, do not rely on H, oxidation for energy generation.
Methanogenesis was associated with higher host ME on the MBD
and high serum propionate on both diets, but not with fecal
SCFAs, suggesting that methanogens were linked to enhanced
SCFA production and uptake. We also found that bacteria posi-
tively associated with CHy are well-suited to degrade and ferment
fiber, as well as consuming H, through propionate production.

Taken together, our results add important missing mechanistic
insights into the relationship between methanogens and energy
extraction. Methanogens appear to be part of a microbial consor-
tium capable of enhanced energy extraction and absorption with
the MBD (a fiber-rich, whole-food diet). This microbial consortium
might contribute to previously observed variation in host ME on
the MBD. However, future studies with larger sample sizes are
needed to confirm our results.

Future research should focus on investigating whether
methane or methanogens affect production and absorption
of SCFAs and other substrates in the colon. As we show, the
impact that methanogens have on host metabolism may not be
in removing H,, but rather by influencing other physiological
parameters, such as SCFA production and possibly SCFA
absorption. Alternatively, methanogens might simply constitute a
detectable signal for enhanced energy extraction. Understanding
the interactions of methanogens with the human host and
other microorganisms in the human large intestine could lead
to dietary or other means to modulate methanogen activity
in ways that improve the host’s metabolic health. Evaluating
the presence and activity of methanogens that accumulate on
the intestinal epithelium would provide important information
that cannot be obtained solely from fecal samples. Additionally,
future experiments that involve in vitro microbial communities
of homoacetogens, SRB, and methanogens would allow for direct
measurements of all hydrogenotrophic activities for a wide
range of conditions. This would provide a higher resolution
picture of the structural and functional relationships among the
hydrogenotrophs.

Nucleic acid sequences

DNA and RNA sequencing data from this study can be found in
the BioProject database under the accession codes PRINA913183
and PRJNA947193.

Author contributions

BD and RK-B designed the study analysis. BD performed bioinfor-
matic and statistical analyses. SRS, RK-B, and BER designed the
parent clinical study and obtained funding. KDC and EAC super-
vised the clinical trial. EAC supervised methane measurements.
FY helped with statistical analyses. TLD helped with QA/QC and
critical feedback on the data. BD wrote the first draft of the
manuscript with edits and input from all authors. All authors
critically reviewed the manuscript, provided feedback, and agreed
with the content.

Supplementary material

Supplementary material is available at The ISME journal online.

Conflicts of interest

The authors declare there are no conflicts of interest.

Funding

This project was funded by the National Institute of Diabetes
and Digestive and Kidney Diseases of the National Institutes of
Health (Award Number RO1DK105829). The content is solely the
responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health.

References

1. Sender R, Fuchs S, Milo R. Revised estimates for the num-
ber of human and bacteria cells in the body. PLoS Biol
2016;14:€1002533. https://doi.org/10.1371/journal.pbio.1002533

2. Lee CJ, Sears CL, Maruthur N. Gut microbiome and its role in
obesity and insulin resistance. Ann N'Y Acad Sci 2020;1461:37-52.
https://doi.org/10.1111/nyas.14107

3. Fan Y, Pedersen O. Gut microbiota in human metabolic
health and disease. Nat Rev Microbiol 2021;19:55-71. https://doi.
0rg/10.1038/541579-020-0433-9

4. Bernalier-Donadille A. Fermentative metabolism by the human
gut microbiota. Gastroentérologie Clin Biol 2010;34:516-22. https://
doi.org/10.1016/S0399-8320(10)70016-6

S. van der Hee B, Wells JM. Microbial regulation of host physiol-
ogy by short-chain fatty acids. Trends Microbiol 2021;29:700-12.
https://doi.org/10.1016/j.tim.2021.02.001

6. Wolin MJ, Miller TL. Bioconversion of organic carbon to
CH; and CO,. Geomicrobiol ] 1987;5:239-59. https://doi.
0rg/10.1080/01490458709385972

7. Thauer RK, Jungermann K, Decker K. Energy conservation in
chemotrophic anaerobic bacteria. Bacteriol Rev 1977;41:809-9.
https://doi.org/10.1128/br.41.3.809-809.1977

8. Janssen PH. Influence of hydrogen on rumen methane for-
mation and fermentation balances through microbial growth
kinetics and fermentation thermodynamics. Anim Feed Sci Tech-
nol 2010;160:1-22. https://doi.org/10.1016/j.anifeedsci.2010.07.
002

9. Kelly WJ, Mackie RI, Attwood GT. et al. Hydrogen and formate
production and utilisation in the rumen and the human
colon. Anim Microbiome 2022;4:22. https://doi.org/10.1186/
542523-022-00174-z

10. Karekar S, Stefanini R, Ahring B. Homo-acetogens: their
metabolism and competitive relationship with hydrogenotro-
phic methanogens. Microorganisms 2022;10:397. https://doi.
org/10.3390/microorganisms10020397

11. Smith NW, Shorten PR, Altermann EH. et al. Hydrogen cross-
feeders of the human gastrointestinal tract. Gut Microbes
2019;10:270-88. https://doi.org/10.1080/19490976.2018.1546522

12. Kushkevych I, Cejnar J, Treml J. et al. Recent advances in
metabolic pathways of sulfate reduction in intestinal bacteria.
Cells 2020;9:698. https://doi.org/10.3390/cells9030698

13. Borrel G, Brugere JF, Gribaldo S. et al. The host-associated
archaeome. Nat Rev Microbiol 2020;18:622-36. https://doi.
0rg/10.1038/s41579-020-0407-y

14. Nakamura N, Lin HC, McSweeney CS. et al. Mechanisms of micro-
bial hydrogen disposal in the human colon and implications
for health and disease. Annu Reuv Food Sci Technol 2010;1:363-95.
https://doi.org/10.1146/annurev.food.102308.124101

15. Lyu Z, Shao N, Akinyemi T. et al. Methanogenesis. Curr Biol
2018;28:R727-32. https://doi.org/10.1016/j.cub.2018.05.021


https://academic.oup.com/ismej/article-lookup/doi/10.1093/ismejo/wraf103#supplementary-data
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1111/nyas.14107
https://doi.org/10.1111/nyas.14107
https://doi.org/10.1111/nyas.14107
https://doi.org/10.1111/nyas.14107
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1016/S0399-8320(10)70016-6
https://doi.org/10.1016/S0399-8320(10)70016-6
https://doi.org/10.1016/S0399-8320(10)70016-6
https://doi.org/10.1016/S0399-8320(10)70016-6
https://doi.org/10.1016/S0399-8320(10)70016-6
https://doi.org/10.1016/S0399-8320(10)70016-6
https://doi.org/10.1016/j.tim.2021.02.001
https://doi.org/10.1016/j.tim.2021.02.001
https://doi.org/10.1016/j.tim.2021.02.001
https://doi.org/10.1016/j.tim.2021.02.001
https://doi.org/10.1016/j.tim.2021.02.001
https://doi.org/10.1080/01490458709385972
https://doi.org/10.1080/01490458709385972
https://doi.org/10.1080/01490458709385972
https://doi.org/10.1128/br.41.3.809-809.1977
https://doi.org/10.1128/br.41.3.809-809.1977
https://doi.org/10.1128/br.41.3.809-809.1977
https://doi.org/10.1128/br.41.3.809-809.1977
https://doi.org/10.1016/j.anifeedsci.2010.07.002
https://doi.org/10.1186/s42523-022-00174-z
https://doi.org/10.1186/s42523-022-00174-z
https://doi.org/10.1186/s42523-022-00174-z
https://doi.org/10.1186/s42523-022-00174-z
https://doi.org/10.1186/s42523-022-00174-z
https://doi.org/10.3390/microorganisms10020397
https://doi.org/10.3390/microorganisms10020397
https://doi.org/10.3390/microorganisms10020397
https://doi.org/10.3390/microorganisms10020397
https://doi.org/10.1080/19490976.2018.1546522
https://doi.org/10.1080/19490976.2018.1546522
https://doi.org/10.1080/19490976.2018.1546522
https://doi.org/10.3390/cells9030698
https://doi.org/10.3390/cells9030698
https://doi.org/10.3390/cells9030698
https://doi.org/10.3390/cells9030698
https://doi.org/10.1038/s41579-020-0407-y
https://doi.org/10.1038/s41579-020-0407-y
https://doi.org/10.1038/s41579-020-0407-y
https://doi.org/10.1038/s41579-020-0407-y
https://doi.org/10.1038/s41579-020-0407-y
https://doi.org/10.1146/annurev.food.102308.124101
https://doi.org/10.1146/annurev.food.102308.124101
https://doi.org/10.1146/annurev.food.102308.124101
https://doi.org/10.1146/annurev.food.102308.124101
https://doi.org/10.1146/annurev.food.102308.124101
https://doi.org/10.1016/j.cub.2018.05.021
https://doi.org/10.1016/j.cub.2018.05.021
https://doi.org/10.1016/j.cub.2018.05.021
https://doi.org/10.1016/j.cub.2018.05.021
https://doi.org/10.1016/j.cub.2018.05.021

10

| Dirks et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Chaudhary PP, Conway PL, Schlundt ]J. Methanogens in
humans: potentially beneficial or harmful for health. Appl
Microbiol Biotechnol 2018;102:3095-104. https://doi.org/10.1007/
500253-018-8871-2

Barton LL, Ritz NL, Fauque GD. et al. Sulfur cycling and the
intestinal microbiome. Dig Dis Sci 2017;62:2241-57. https://doi.
0rg/10.1007/510620-017-4689-5

Bouillaud F, Blachier F. Mitochondria and Sulfide: a very old
story of poisoning, feeding, and signaling? Antioxid Redox Signal
2011;15:379-91. https://doi.org/10.1089/ars.2010.3678

Hosmer ], McEwan AG, Kappler U. Bacterial acetate metabolism
and its influence on human epithelia. Emerg Top life Sci 2024;8:
1-13. https://doi.org/10.1042/ETLS20220092

den Besten G, Lange K, Havinga R. et al. Gut-derived short-chain
fatty acids are vividly assimilated into host carbohydrates and
lipids. Am ] Physiol - Gastrointest Liver Physiol 2013;305:G900-10.
https://doi.org/10.1152/ajpgi.00265.2013

Mathur R, Kim G, Morales W. et al. Intestinal Methanobrevibacter
smithii but not total bacteria is related to diet-induced weight
gain in rats. Obesity 2013;21:748-54. https://doi.org/10.1002/
oby.20277

Samuel BS, Gordon JI. A humanized gnotobiotic mouse model
of host-archaeal-bacterial mutualism. Proc Natl Acad Sci USA
2006;103:10011-6. https://doi.org/10.1073/pnas.0602187103
Crovesy L, Masterson D, Rosado EL. Profile of the gut microbiota
of adults with obesity: a systematic review. Eur ] Clin Nutr
2020;74:1251-62. https://doi.org/10.1038/s41430-020-0607-6
Singer-Englar T, Barlow G, Mathur R. Obesity, diabetes, and the
gut microbiome: an updated review. Expert Rev Gastroenterol
Hepatol 2019;13:3-15. https://doi.org/10.1080/17474124.2019.
1543023

Corbin KD, Carnero EA, Dirks B. et al. Host-diet-gut microbiome
interactions influence human energy balance: a randomized
clinical trial. Nat Commun 2023;14:3161. https://doi.org/10.1038/
$41467-023-38778-x

Corbin KD, Krajmalnik-Brown R, Carnero EA. et al. Integrative
and quantitative bioenergetics: design of a study to assess the
impact of the gut microbiome on host energy balance. Con-
temp Clin trials Commun 2020;19:100646. https://doi.org/10.1016/
j.conctc.2020.100646

Carnero EA, Bock CP, Liu Y. et al. Measurement of 24-
h continuous human CH; release in a whole room indi-
rect calorimeter. J Appl Physiol 2023;134:766-76. https://doi.
0rg/10.1152/japplphysiol.00705.2022

Elia M, Cummings JH. Physiological aspects of energy
metabolism and gastrointestinal effects of carbohydrates.
Eur J Clin Nutr 2007;61:540-74. https://doi.org/10.1038/sj.ejcn.
1602938

Havelsrud OE, Haverkamp THA, Kristensen T. et al. A metage-
nomic study of methanotrophic microorganisms in coal oil
point seep sediments. BMC Microbiol 2011;11:221. https://doi.
0rg/10.1186/1471-2180-11-221

Yao Y, Fu B, Han D. et al. Reduction, evolutionary pattern and
positive selection of genes encoding formate dehydrogenase in
wood-Ljungdahl pathway of gastrointestinal acetogens suggests
their adaptation to formate-rich habitats. Environ Microbiol Rep
2023;15:129-41. https://doi.org/10.1111/1758-2229.13129

Jiang L, Zheng Y, Peng X. et al. Vertical distribution and diversity
of sulfate-reducing prokaryotes in the Pearl River estuarine
sediments. Southern China FEMS Microbiol Ecol 2009;70:249-62.
https://doi.org/10.1111/j.1574-6941.2009.00758.x

32.

33.

34.

35.

36.

37.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Andrews S. FastQC: a quality control tool for high throughput
sequence data. 2010. https://www.bioinformatics.babraham.ac.
uk/projects/fastqc/

Krueger F, James F, Ewels P. et al. Trim galore. 2021. https://doi.
org/10.5281/zenodo.5127899

Langmead B, Salzberg SL. Fast gapped-read alignment with
bowtie 2. Nat Methods 2012;9:357-9. https://doi.org/10.1038/
nmeth.1923

Beghini F, Mclver L], Blanco-Miguez A. et al. Integrating taxo-
nomic, functional, and strain-level profiling of diverse microbial
communities with biobakery 3. Elife 2021;10:65088. https://doi.
org/10.7554/eLife.65088

Greenacre M. Compositional data analysis. Annu Rev Stat
Its  Appl 2021;8:271-99. https://doi.org/10.1146/annurev-
statistics-042720-124436

Quinn TP, Erb I, Gloor G. et al. A field guide for the compositional
analysis of any-omics data. Gigascience 2019;8:giz107. https://
doi.org/10.1093/gigascience/giz107

Dobin A, Davis CA, Schlesinger F. et al. STAR: ultrafast uni-
versal RNA-seq aligner. Bioinformatics 2013;29:15-21. https://doi.
org/10.1093/bioinformatics/bts635

Ameijeiras-Alonso J, Crujeiras RM, Rodriguez-Casal A. Multi-
mode: an R package for mode assessment. ] Stat Softw 2021;97:
1-32. https://doi.org/10.18637/jss.v097.109

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest pack-
age: tests in linear mixed effects models. J Stat Softw 2017;82:
1-26. https://doi.org/10.18637/jss.v082.i13

R Core Team. R: A Language and Environment for Statistical Com-
puting. Vienna, Austria: R Foundation for Statistical Computing,
2021. https://www.R-project.org/

Shannon P, Markiel A, Ozier O. et al. Cytoscape: a software
environment for integrated models of biomolecular interaction
networks. Genome Res 2003;13:2498-504. https://doi.org/10.1101/
gr1239303

Faust K, Raes J. CoNet app: inference of biological association
networks using Cytoscape. F1000Research 2016;5:1519. https://
doi.org/10.12688/f1000research.9050.1

Lahti L, Salojarvi J, Salonen A. et al. Tipping elements in the
human intestinal ecosystem. Nat Commun 2014;5:4344. https://
doi.org/10.1038/ncomms5344

Hackstein JHP, Van Alen TA. Fecal methanogens and ver-
tebrate evolution. Evolution (N Y) 1996;50:559-72. https://doi.
0rg/10.1111/j.1558-5646.1996.tb03868.x

Culp EJ, Goodman AL. Cross-feeding in the gut microbiome: ecol-
ogy and mechanisms. Cell Host Microbe 2023;31:485-99. https://
doi.org/10.1016/j.chom.2023.03.016

Hillesland KL, Stahl DA. Rapid evolution of stability and pro-
ductivity at the origin of a microbial mutualism. Proc Natl Acad
Sci USA 2010;107:2124-9. https://doi.org/10.1073/pnas.09084
56107

Plugge CM, Zhang W, Scholten JCM. et al. Metabolic flexibility
of sulfate-reducing bacteria. Front Microbiol 2011;2:13-20. https://
doi.org/10.3389/fmicb.2011.00081

Noguera DR, Brusseau GA, Rittmann BE. et al. A unified model
describing the role of hydrogen in the growth of Desulfouib-
rio vulgaris under different environmental conditions. Biotechnol
Bioeng 1998;59:732-46. https://doi.org/10.1002/(SICI)1097-0290
(19980920)59:6<732::AID-BIT10>3.0.CO;2-7

Schuchmann K, Miller V. Energetics and application of het-
erotrophy in acetogenic bacteria. Appl Environ Microbiol 2016;82:
4056-69. https://doi.org/10.1128/AEM.00882-16


https://doi.org/10.1007/s00253-018-8871-2
https://doi.org/10.1007/s00253-018-8871-2
https://doi.org/10.1007/s00253-018-8871-2
https://doi.org/10.1007/s00253-018-8871-2
https://doi.org/10.1007/s10620-017-4689-5
https://doi.org/10.1007/s10620-017-4689-5
https://doi.org/10.1007/s10620-017-4689-5
https://doi.org/10.1007/s10620-017-4689-5
https://doi.org/10.1089/ars.2010.3678
https://doi.org/10.1089/ars.2010.3678
https://doi.org/10.1089/ars.2010.3678
https://doi.org/10.1089/ars.2010.3678
https://doi.org/10.1042/ETLS20220092
https://doi.org/10.1042/ETLS20220092
https://doi.org/10.1042/ETLS20220092
https://doi.org/10.1042/ETLS20220092
https://doi.org/10.1152/ajpgi.00265.2013
https://doi.org/10.1152/ajpgi.00265.2013
https://doi.org/10.1152/ajpgi.00265.2013
https://doi.org/10.1152/ajpgi.00265.2013
https://doi.org/10.1002/oby.20277
https://doi.org/10.1002/oby.20277
https://doi.org/10.1002/oby.20277
https://doi.org/10.1002/oby.20277
https://doi.org/10.1073/pnas.0602187103
https://doi.org/10.1073/pnas.0602187103
https://doi.org/10.1073/pnas.0602187103
https://doi.org/10.1073/pnas.0602187103
https://doi.org/10.1038/s41430-020-0607-6
https://doi.org/10.1038/s41430-020-0607-6
https://doi.org/10.1038/s41430-020-0607-6
https://doi.org/10.1038/s41430-020-0607-6
https://doi.org/10.1080/17474124.2019.1543023
https://doi.org/10.1038/s41467-023-38778-x
https://doi.org/10.1038/s41467-023-38778-x
https://doi.org/10.1038/s41467-023-38778-x
https://doi.org/10.1038/s41467-023-38778-x
https://doi.org/10.1038/s41467-023-38778-x
https://doi.org/10.1016/j.conctc.2020.100646
https://doi.org/10.1016/j.conctc.2020.100646
https://doi.org/10.1016/j.conctc.2020.100646
https://doi.org/10.1016/j.conctc.2020.100646
https://doi.org/10.1016/j.conctc.2020.100646
https://doi.org/10.1152/japplphysiol.00705.2022
https://doi.org/10.1152/japplphysiol.00705.2022
https://doi.org/10.1152/japplphysiol.00705.2022
https://doi.org/10.1152/japplphysiol.00705.2022
https://doi.org/10.1038/sj.ejcn.1602938
https://doi.org/10.1186/1471-2180-11-221
https://doi.org/10.1186/1471-2180-11-221
https://doi.org/10.1186/1471-2180-11-221
https://doi.org/10.1111/1758-2229.13129
https://doi.org/10.1111/1758-2229.13129
https://doi.org/10.1111/1758-2229.13129
https://doi.org/10.1111/j.1574-6941.2009.00758.x
https://doi.org/10.1111/j.1574-6941.2009.00758.x
https://doi.org/10.1111/j.1574-6941.2009.00758.x
https://doi.org/10.1111/j.1574-6941.2009.00758.x
https://doi.org/10.1111/j.1574-6941.2009.00758.x
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.5281/zenodo.5127899
https://doi.org/10.5281/zenodo.5127899
https://doi.org/10.5281/zenodo.5127899
https://doi.org/10.5281/zenodo.5127899
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.7554/eLife.65088
https://doi.org/10.7554/eLife.65088
https://doi.org/10.7554/eLife.65088
https://doi.org/10.7554/eLife.65088
https://doi.org/10.1146/annurev-statistics-042720-124436
https://doi.org/10.1146/annurev-statistics-042720-124436
https://doi.org/10.1146/annurev-statistics-042720-124436
https://doi.org/10.1146/annurev-statistics-042720-124436
https://doi.org/10.1146/annurev-statistics-042720-124436
https://doi.org/10.1093/gigascience/giz107
https://doi.org/10.1093/gigascience/giz107
https://doi.org/10.1093/gigascience/giz107
https://doi.org/10.1093/gigascience/giz107
https://doi.org/10.1093/gigascience/giz107
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.1093/bioinformatics/bts635
https://doi.org/10.18637/jss.v097.i09
https://doi.org/10.18637/jss.v097.i09
https://doi.org/10.18637/jss.v097.i09
https://doi.org/10.18637/jss.v097.i09
https://doi.org/10.18637/jss.v097.i09
https://doi.org/10.18637/jss.v097.i09
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.18637/jss.v082.i13
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1101/gr.1239303
https://doi.org/10.12688/f1000research.9050.1
https://doi.org/10.12688/f1000research.9050.1
https://doi.org/10.12688/f1000research.9050.1
https://doi.org/10.12688/f1000research.9050.1
https://doi.org/10.12688/f1000research.9050.1
https://doi.org/10.1038/ncomms5344
https://doi.org/10.1038/ncomms5344
https://doi.org/10.1038/ncomms5344
https://doi.org/10.1038/ncomms5344
https://doi.org/10.1111/j.1558-5646.1996.tb03868.x
https://doi.org/10.1111/j.1558-5646.1996.tb03868.x
https://doi.org/10.1111/j.1558-5646.1996.tb03868.x
https://doi.org/10.1111/j.1558-5646.1996.tb03868.x
https://doi.org/10.1111/j.1558-5646.1996.tb03868.x
https://doi.org/10.1111/j.1558-5646.1996.tb03868.x
https://doi.org/10.1016/j.chom.2023.03.016
https://doi.org/10.1016/j.chom.2023.03.016
https://doi.org/10.1016/j.chom.2023.03.016
https://doi.org/10.1016/j.chom.2023.03.016
https://doi.org/10.1016/j.chom.2023.03.016
https://doi.org/10.1073/pnas.0908456107
https://doi.org/10.3389/fmicb.2011.00081
https://doi.org/10.3389/fmicb.2011.00081
https://doi.org/10.3389/fmicb.2011.00081
https://doi.org/10.3389/fmicb.2011.00081
https://doi.org/10.1002/(SICI)1097-0290(19980920)59:6%3c732::AID-BIT10%3e3.0.CO;2-7
https://doi.org/10.1128/AEM.00882-16
https://doi.org/10.1128/AEM.00882-16
https://doi.org/10.1128/AEM.00882-16
https://doi.org/10.1128/AEM.00882-16

Methanogenesis & host metabolic changes | 11

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Liu C, Li J, Zhang Y. et al. Influence of glucose fermentation
on CO, assimilation to acetate in homoacetogen Blautia coc-
coides GA-1.] Ind Microbiol Biotechnol 2015;42:1217-24. https://doi.
0rg/10.1007/510295-015-1646-1

Davis TL, Dirks B, Carnero EA. et al. Modeling the microbial
contribution to human energy balance using the digestion,
absorption, and microbial metabolism (DAMM) model. medRxiv
2025. https://doi.org/10.1101/2025.01.10.25320296

Angenent LT, Karim K, Al-Dahhan MH. et al. Production of bioen-
ergy and biochemicals from industrial and agricultural wastew-
ater. Trends Biotechnol 2004;22:477-85. https://doi.org/10.1016/j.
tibtech.2004.07.001

Louis P, Flint HJ. Formation of propionate and butyrate by
the human colonic microbiota. Environ Microbiol 2017;19:29-41.
https://doi.org/10.1111/1462-2920.13589

Frolova MS, Suvorova IA, Iablokov SN. et al. Genomic recon-
struction of short-chain fatty acid production by the human
gut microbiota. Front Mol Biosci 2022;9:949563. https://doi.
0rg/10.3389/fmolb.2022.949563

Miceli JF, Torres CI, Krajmalnik-Brown R. Shifting the balance
of fermentation products between hydrogen and volatile fatty
acids: microbial community structure and function. Stams a
(ed.). FEMS Microbiol Ecol 2016;92:fiw195. https://doi.org/10.1093/
femsec/fiw195

McNeil NI. The contribution of the large intestine to energy
supplies in man. Am J Clin Nutr 1984;39:338-42. https://doi.
0rg/10.1093/ajcn/39.2.338

Hoegenauer C, Hammer HF, Mahnert A. et al. Methanogenic
archaea in the human gastrointestinal tract. Nat Rev
Gastroenterol Hepatol 2022;19:805-13. https://doi.org/10.1038/
s41575-022-00673-z

Samuel BS, Hansen EE, Manchester JK. et al. Genomic and
metabolic adaptations of Methanobrevibacter smithii to the
human gut. Proc Natl Acad Sci USA 2007;104:10643-8. https://doi.
0rg/10.1073/pnas.0704189104

Catlett JL, Carr S, Cashman M. et al. Metabolic synergy between
human symbionts Bacteroides and Methanobrevibacter. Claesen ]
(ed.). Microbiol Spectr 2022;10:e01067-22. https://doi.org/10.1128/
spectrum.01067-22

Chung WSF, Meijerink M, Zeuner B. et al. Prebiotic poten-
tial of pectin and pectic oligosaccharides to promote anti-
inflammatory commensal bacteria in the human colon. FEMS
Microbiol Ecol 2017;93:fix127. https://doi.org/10.1093/femsec/
fix127

Cornick NA, Jensen NS, Stahl DA. et al. Lachnospira pectinoschiza
sp. nov., an anaerobic pectinophile from the pig intestine. Int
] Syst Bacteriol 1994;44:87-93. https://doi.org/10.1099/00207713-
44-1-87

Watanabe Y, Saito Y, Hara T. et al. Xylan utilisation pro-
motes adaptation of Bifidobacterium pseudocatenulatum to the
human gastrointestinal tract. ISME Commun 2021;1:62. https://
doi.org/10.1038/s43705-021-00066-4

Pu G, Hou L, Du T. et al. Increased proportion of fiber-
degrading microbes and enhanced cecum development

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

jointly promote host to digest appropriate high-fiber diets.
mSystems 2023;8:e00937-22. https://doi.org/10.1128/msystems.
00937-22

Li J, Galvez EJC, Amend L. et al. A versatile genetic tool-
box for Prevotella copri enables studying polysaccharide utiliza-
tion systems. EMBO J 2021;40:e108287. https://doi.org/10.15252/
embj.2021108287

Reichardt N, Vollmer M, Holtrop G. et al. Specific substrate-
driven changes in human faecal microbiota composition
contrast with functional redundancy in short-chain fatty
acid production. ISME J 2018;12:610-22. https://doi.org/10.1038/
ismej.2017.196

Tamanai-Shacoori Z, Smida I, Bousarghin L. et al. Roseburia spp.:
a marker of health? Future Microbiol 2017;12:157-70. https://doi.
0rg/10.2217/fmb-2016-0130

Kageyama A, Benno Y. Emendation of genus Collinsella and
proposal of Collinsella stercoris sp. nov. and Collinsella intestinalis
sp. nov. Int J Syst Evol Microbiol 2000;50:1767-74. https://doi.
0rg/10.1099/00207713-50-5-1767

De Maesschalck C, Van Immerseel F, Eeckhaut V. et al. Faecalic-
occus acidiformans gen. nov., sp. nov,, isolated from the chicken
caecum, and reclassification of Streptococcus pleomorphus (Barnes
et al. 1977), Eubacterium biforme (Eggerth 1935) and Eubacterium
cylindroides (Cato et al. 1974) as Faecalicoccus pleomorphus comb.
nov., Holdemanella biformis gen. nov., comb. nov. and Faecalitalea
cylindroides gen. nov., comb. nov., respectively, within the fam-
ily Erysipelotrichaceae . Int J Syst Evol Microbiol 2014;64:3877-84.
https://doi.org/10.1099/ijs.0.064626-0

Goker M, Gronow S, Zeytun A. et al. Complete genome sequence
of Odoribacter splanchnicus type strain (1651/6T). Stand Genomic Sci
2011;4:200-9. https://doi.org/10.4056/sigs. 1714269

Gotoh A, Nara M, Sugiyama Y. et al. Use of Gifu anaero-
bic medium for culturing 32 dominant species of human gut
microbes and its evaluation based on short-chain fatty acids
fermentation profiles. Biosci Biotechnol Biochem 2017;81:2009-17.
https://doi.org/10.1080/09168451.2017.1359486

Yang R, Shan S, Shi]J. et al. Coprococcus eutactus, a potent probiotic,
alleviates colitis via acetate-mediated Iga response and micro-
biota restoration. ] Agric Food Chem 2022;71:3273-84. https://doi.
org/10.1021/acs.jafc.2c06697

Watanabe Y, Nagai F, Morotomi M. Characterization of Phascolarc-
tobacterium succinatutens sp. nov., an asaccharolytic, succinate-
utilizing bacterium isolated from human feces. Appl Environ
Microbiol 2012;78:511-8. https://doi.org/10.1128/aem.06035-11
Fagundes RR, Belt SC, Bakker BM. et al. Beyond butyrate:
microbial fiber metabolism supporting colonic epithelial home-
ostasis. Trends Microbiol 2004;32:178-89. https://doi.org/10.1016/
§.tim.2023.07.014

Sivaprakasam S, Bhutia YD, Yang S. et al. Short-chain fatty
acid transporters: role in colonic homeostasis. Compr Physiol
2018;8:299-314. https://doi.org/10.1002/cphy.c170014

Merino B. Fernandez-Diaz CM, Cdzar-CastellanoI. et al. Intestinal
fructose and glucose metabolism in health and disease. Nutrients
2020;12:1-35. https://doi.org/10.3390/nu12010094

© The Author(s) 2025, Published by Oxford University Press on behalf of the International Society for Microbial Ecology. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/

By/40), which permits unrestricted reuse,distribution, and reproduction in any medium, provided the original work I properly cited
T

e ISME Journal, 2025, 19(1), wraf103
https://doi.org/10.1093/ismejo/wraf103
Original Article


https://doi.org/10.1007/s10295-015-1646-1
https://doi.org/10.1007/s10295-015-1646-1
https://doi.org/10.1007/s10295-015-1646-1
https://doi.org/10.1007/s10295-015-1646-1
https://doi.org/10.1101/2025.01.10.25320296
https://doi.org/10.1101/2025.01.10.25320296
https://doi.org/10.1101/2025.01.10.25320296
https://doi.org/10.1016/j.tibtech.2004.07.001
https://doi.org/10.1016/j.tibtech.2004.07.001
https://doi.org/10.1016/j.tibtech.2004.07.001
https://doi.org/10.1016/j.tibtech.2004.07.001
https://doi.org/10.1016/j.tibtech.2004.07.001
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.3389/fmolb.2022.949563
https://doi.org/10.3389/fmolb.2022.949563
https://doi.org/10.3389/fmolb.2022.949563
https://doi.org/10.3389/fmolb.2022.949563
https://doi.org/10.1093/femsec/fiw195
https://doi.org/10.1093/femsec/fiw195
https://doi.org/10.1093/femsec/fiw195
https://doi.org/10.1093/femsec/fiw195
https://doi.org/10.1093/femsec/fiw195
https://doi.org/10.1093/ajcn/39.2.338
https://doi.org/10.1093/ajcn/39.2.338
https://doi.org/10.1093/ajcn/39.2.338
https://doi.org/10.1093/ajcn/39.2.338
https://doi.org/10.1038/s41575-022-00673-z
https://doi.org/10.1038/s41575-022-00673-z
https://doi.org/10.1038/s41575-022-00673-z
https://doi.org/10.1038/s41575-022-00673-z
https://doi.org/10.1038/s41575-022-00673-z
https://doi.org/10.1073/pnas.0704189104
https://doi.org/10.1073/pnas.0704189104
https://doi.org/10.1073/pnas.0704189104
https://doi.org/10.1073/pnas.0704189104
https://doi.org/10.1128/spectrum.01067-22
https://doi.org/10.1128/spectrum.01067-22
https://doi.org/10.1128/spectrum.01067-22
https://doi.org/10.1128/spectrum.01067-22
https://doi.org/10.1093/femsec/fix127
https://doi.org/10.1093/femsec/fix127
https://doi.org/10.1093/femsec/fix127
https://doi.org/10.1093/femsec/fix127
https://doi.org/10.1093/femsec/fix127
https://doi.org/10.1099/00207713-44-1-87
https://doi.org/10.1038/s43705-021-00066-4
https://doi.org/10.1038/s43705-021-00066-4
https://doi.org/10.1038/s43705-021-00066-4
https://doi.org/10.1038/s43705-021-00066-4
https://doi.org/10.1128/msystems.00937-22
https://doi.org/10.15252/embj.2021108287
https://doi.org/10.15252/embj.2021108287
https://doi.org/10.15252/embj.2021108287
https://doi.org/10.15252/embj.2021108287
https://doi.org/10.1038/ismej.2017.196
https://doi.org/10.1038/ismej.2017.196
https://doi.org/10.1038/ismej.2017.196
https://doi.org/10.1038/ismej.2017.196
https://doi.org/10.2217/fmb-2016-0130
https://doi.org/10.2217/fmb-2016-0130
https://doi.org/10.2217/fmb-2016-0130
https://doi.org/10.2217/fmb-2016-0130
https://doi.org/10.1099/00207713-50-5-1767
https://doi.org/10.1099/00207713-50-5-1767
https://doi.org/10.1099/00207713-50-5-1767
https://doi.org/10.1099/ijs.0.064626-0
https://doi.org/10.1099/ijs.0.064626-0
https://doi.org/10.1099/ijs.0.064626-0
https://doi.org/10.1099/ijs.0.064626-0
https://doi.org/10.4056/sigs.1714269
https://doi.org/10.4056/sigs.1714269
https://doi.org/10.4056/sigs.1714269
https://doi.org/10.4056/sigs.1714269
https://doi.org/10.1080/09168451.2017.1359486
https://doi.org/10.1080/09168451.2017.1359486
https://doi.org/10.1080/09168451.2017.1359486
https://doi.org/10.1021/acs.jafc.2c06697
https://doi.org/10.1021/acs.jafc.2c06697
https://doi.org/10.1021/acs.jafc.2c06697
https://doi.org/10.1021/acs.jafc.2c06697
https://doi.org/10.1021/acs.jafc.2c06697
https://doi.org/10.1021/acs.jafc.2c06697
https://doi.org/10.1128/aem.06035-11
https://doi.org/10.1128/aem.06035-11
https://doi.org/10.1128/aem.06035-11
https://doi.org/10.1128/aem.06035-11
https://doi.org/10.1016/j.tim.2023.07.014
https://doi.org/10.1016/j.tim.2023.07.014
https://doi.org/10.1016/j.tim.2023.07.014
https://doi.org/10.1016/j.tim.2023.07.014
https://doi.org/10.1016/j.tim.2023.07.014
https://doi.org/10.1002/cphy.c170014
https://doi.org/10.1002/cphy.c170014
https://doi.org/10.1002/cphy.c170014
https://doi.org/10.1002/cphy.c170014
https://doi.org/10.1002/cphy.c170014
https://doi.org/10.3390/nu12010094
https://doi.org/10.3390/nu12010094
https://doi.org/10.3390/nu12010094
https://doi.org/10.3390/nu12010094
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/ismejo/wraf103

	 Methanogenesis associated with altered microbial production of short-chain fatty acids and human-host metabolizable energy
	Introduction
	Subjects and methods
	Results and discussion
	Conclusion and future directions
	Nucleic acid sequences
	Author contributions
	Supplementary material
	Conflicts of interest
	Funding


