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Disruption of hydrogen (H,) cyclingin the gutis linked to gastrointestinal
disorders, infections and cancers. However, the mechanisms and
microorganisms controlling H, productionin the gut remain unresolved. Here
we show that gut H, production is primarily driven by the microbial group B
[FeFe]-hydrogenase. Metagenomics and metatranscriptomics of stool and
tissue biopsy samples show that hydrogenase-encoding genes are widely
present and transcribed in gut bacteria. Assessment of 19 taxonomically
diverse gutisolatesrevealed that the group B [FeFe]-hydrogenases produce
large amounts of H, gas and support fermentative growth of Bacteroidetes
and Firmicutes. Further biochemical and spectroscopic characterization

of purified enzymes show that they are catalytically active, bind a di-iron
active site and reoxidize ferredoxin derived from the pyruvate:ferredoxin
oxidoreductase reaction. Group B hydrogenase-encoding genes are
significantly depleted in favour of other fermentative hydrogenasesin
patients with Crohn’s disease. Finally, metabolically flexible respiratory
bacteriamay be the dominant hydrogenotrophsin the gut, rather than
acetogens, methanogens and sulfate reducers. These results uncover the
enzymes and microorganisms controlling H, cycling in the healthy human gut.

Molecular hydrogen (H,) is a central intermediate in gastrointestinal
digestive processes. Most bacteria within the gut hydrolyse and fer-
ment dietary carbohydrates to absorbable short-chain fatty acids'™
and large quantities of H, gas*’. H, accumulates to high micromolar
levels inthe gut, where it is primarily consumed by other microorgan-
isms for energy conservation and carbon fixation®’, although a large
proportion is also expelled as flatus or exhaled®'°. Classically, three
groups of gut microorganisms are thought to consume H,, namely,

acetogenic bacteria, methanogenic archaea and sulfate-reducing
bacteria®"'*. H,consumption by gut microorganisms lowers H, partial
pressures, thereby ensuring fermentation remains thermodynamically
favourable*” ™, In turn, many H,-producing and H,-consuming microor-
ganisms form mutualistic relationships by conductinginterspecies H,
transfer dependent on physical association*?°. In addition to support-
ing digestion, gastrointestinal H, cycling modulates levels ofimportant
metabolites in the gut, including butyrate”, hydrogen sulfide?, bile
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acids” and host steroids®, with diverse effects on processes such as
digestion, inflammation and carcinogenesis. It is also proposed that
microbiota-derived or therapeutically supplied H, may directly benefit
human cells as an anti-oxidant***, Disruption of the balance between
H,-producing and H,-consuming bacteria has been linked to a range
of gutand wider disorders'***; most notably, gas build-up contributes
to the symptoms of irritable bowel syndrome and hydrogen breath
tests are frequently, if controversially, used to detect disorders such
as carbohydrate malabsorption? ?’, Numerous pathogens also exploit
microbiota-derived H, during invasion, including Helicobacter pylori
and Salmonella®~*, or rapidly produce it in the case of pathogenic
Clostridia and protists®*>?¢,

Despite the central importance of H, cycling in human health
and disease, surprisingly little is known about which microorgan-
isms and enzymes mediate this process. Both the production and
consumption of H, are catalysed by hydrogenases, which fall into three
major groups dependent on the metal content of their active sites: the
[FeFe]-, [NiFe]-, and [Fe]-hydrogenases, with multiple subgroups®.
It has been classically thought that most H, production in the gut is
mediated by fermentative bacteria, primarily the class Clostridia,
that couple reoxidation of ferredoxin (for example, reduced during
acetate fermentation by the pyruvate:ferredoxin oxidoreductase
(PFOR) reaction) to the evolution of H,. Some Clostridia use group Al
[FeFe]-hydrogenases, an extensively structurally and mechanistically
characterized lineage of enzymes, to rapidly produce H, (refs. 39,40).
Some H, may also be produced by formate hydrogenlyase complexes
(containing a group 4a [NiFe]-hydrogenase) that disproportionate
formate during fermentative survival of Enterobacteriaceae**. Yet
tworecent findings suggest that other fermenters are alsoactive in the
human gut. Our 2016 survey showed genes encoding a distantly related
enzyme called the group B [FeFe]-hydrogenase (28% amino acid iden-
tity tothe group Alenzymes) are widespreadin diverse gutisolatesand
abundantingut metagenomes'*. Two recent biochemical studies***
suggest that these enzymes are active and predominantly mediate
H, production, although their physiological activity and role has yet
to be confirmed in any organism. In parallel, electron-confurcating
hydrogenase complexes (group A3 [FeFe]-hydrogenases) have been
discovered that couple oxidation of NAD(P)H and reduced ferredoxin
to the evolution of H, (refs. 46-49). We have shown that group A3
[FeFe]-hydrogenases are primarily responsible for H, production in
ruminants'~%*, although it is unclear if these principles also extend
to humans. Similarly, it is unclear whether the paradigms regard-
ing H, consumption are accurate, given the three classical groups
of H, oxidizers (hydrogenotrophs) are generally in low abundance
in the human gut. Indeed, only approximately half of people pro-
duce methane gas*>*, and it is becoming increasingly apparent that
most hydrogen sulfide is derived from organosulfur compounds
rather than sulfate reduction®~°. Respiratory hydrogenotrophs
that use electron acceptors such as fumarate, nitrate, sulfoxides and
inflammation-derived oxygen may also be active but overlooked
members of gut microbiota’”.

Here we have integrated enzymatic and microbial insights to
build a detailed picture of H, cycling in the human gastrointestinal
tract. To do so, we holistically profiled the abundance, transcrip-
tion and distribution of hydrogenases using metagenomes and
metatranscriptomes, including original biopsy samples, in both
healthy individuals and those with gastrointestinal disorders. We
then performed an in-depth analysis of 19 bacterial isolates and 4
heterologously produced hydrogenases to confirm the activity and
roles of these enzymes. We reveal that group B [FeFe]-hydrogenase
drives most H, production in the human gut, highlight the over-
looked role of Bacteroides as major H,-producing fermenters, and
show that hydrogenase genes are differentially abundant between
healthy people and those with chronic disease phenotypes, such as
Crohn’s disease.

Results

Group B [FeFe]-hydrogenase genes are widespread and
transcribed in the human gut

We initially investigated the distribution of hydrogenase genes
in the human gut by analysing 300 human stool metagenomes®’
(Supplementary Dataset1). Hydrogenase genes are extremely abundant,
occurring on average at 1.44 + 0.58 copies per genome (cpg) (Fig. 1a).
By far the most abundant are the functionally uncharacterized group B
[FeFe]-hydrogenases (0.75 + 0.25 cpg), hypothesized but unprovento
mediate fermentative H, production' (Fig. 1b). Genes encoding these
enzymes are much more abundant than the ferredoxin-dependent
group Al [FeFe]-hydrogenases (0.10 + 0.09 cpg), which were pre-
viously thought to account for most gut H, production®***°, and
electron-confurcating group A3 [FeFe]-hydrogenases (0.19 + 0.11
cpg) that dominate H, production in ruminants”*. Other enzymes
also potentially play minor roles in H, production in the human gut,
including formate hydrogenlyases (group 4a[NiFe]-hydrogenase genes;
0.02 +0.07 cpg) and possibly ferredoxin-dependent energy-converting
hydrogenases (group 4e [NiFe]-hydrogenase genes; 0.06 + 0.04 cpg)
(Fig.1a,b and Supplementary Dataset 1). Consistently, analyses of 78
paired metatranscriptomes confirm that these hydrogenase genes are
highly transcribed (RNA:DNA ratios between1.76 and 6.90, depending
on subgroup) (Supplementary Dataset 1and Fig. 1a). Transcripts for
the group B [FeFe]-hydrogenase genes are the most numerous (95 + 86
reads per kilobase of transcript per million mapped reads (RPKM);
RNA:DNA ratio = 2.0) and 3.3-fold, 4.7-fold and 26-fold higher than
the well-characterized group A3, Al and 4a enzymes (Fig. 1a). Given
[FeFe]-hydrogenases are usually highly active enzymes®**, transcrip-
tion of these levels probably enables rapid H, production in the gut.
There was nevertheless much interindividual variation in expression
levels. Genes encoding nitrogenases, which produce H, during their
reaction cycle®, were also widely encoded but minimally transcribed
by gut bacteria (Fig.1a). Altogether, group B [FeFe]-hydrogenases prob-
ably drive most H, production in the gut but operate alongside other
H,-producing hydrogenases.

To infer which gut microorganisms encode the genes for these
enzymes, we mapped the hydrogenase-encoding reads to both our
comprehensive hydrogenase database (HydDB)® and our in-house
collection of 812 sequenced gut isolates (Supplementary Dataset 2).
Genes encoding the group B [FeFe]-hydrogenases are very widespread
among gutbacteria, encoded by 62% of isolates and the dominant gut
phyla Firmicutes, Bacteroidetes and Actinobacteria (Supplementary
Dataset 2 and Fig. 2). Theabundantlineage Bacteroides (Supplementary
Dataset 3) accounted for the most group B [FeFe]-hydrogenase reads
in the metagenomes and metatranscriptomes, followed by Alistipes
and Clostridia lineages such as Faecalibacterium, Agathobacter and
Roseburia (Fig.1c and Supplementary Dataset 1). The group Aland A3
[FeFe]-hydrogenase genes were also widespread, encoded and tran-
scribed by various Bacteroidia, Clostridia and Fusobacteria, whereas
formate hydrogenlyases were restricted to Enterobacteriaceae,
Pasteurellaceae and Coriobacteraceae (Figs. 1c and 2 and
Supplementary Dataset 1).

A small but active proportion of the community is predicted
to mediate H, uptake in the human gut. Genes for group 1 [NiFe]-
hydrogenases, which support anaerobic respiration using electron
acceptorssuch as fumarate, nitrate, nitrite and sulfite®*%, are encoded
by 9% of gut bacteriabased on metagenomic shortreads (Supplemen-
tary Dataset 1 and Fig. 1a,b) and 6% of our isolates (Supplementary
Dataset 2 and Fig. 2). As evidenced by the extremely high standard
deviations of their metagenome counts (0.09 + 0.17 cpg) and metatran-
scriptome reads (51 + 153 RPKM), the abundance and transcription
of these genes greatly vary between individuals (Fig. 1a). They were
primarily encoded and transcribed by Enterobacteriaceae ([NiFe]
group 1c and 1d), which are known to use gut-derived H, as a respira-
tory energy source during colonization®*****, and by lineages such
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Fig.1| Abundance, transcription and distribution of hydrogenase genes

and H,-related metabolic genes throughout the human gut. a, Abundance
and transcription of the genes encoding the catalytic subunits of the three
types of hydrogenases and the terminal reductases known to use H,-derived
electrons in faecal metagenomes (left; n = 300), faecal metatranscriptomes
(middle; n=78) and biopsy enrichment metagenomes (right; n =102). These
results summarize homology-based searches against comprehensive reference
databases and are shown in average gene copies per organism (normalized to
aset of universal single-copy ribosomal genes) for metagenomes and RPKM

for metatranscriptomes. b, Proportion of each hydrogenase group present
ineach sample per dataset. ¢, Top genera predicted to encode or transcribe
hydrogenases for each dataset. The top ten most abundant genera are included
for the five most abundant gut hydrogenase lineages, expressed in RPKM. Phyla
arerepresented by the coloured bar above the generanames. Purple represents
Actinobacteria; red, Archaea; light green, Bacteroidetes; orange, Firmicutes;
dark green, Fusobacteria; yellow, Proteobacteria; pink, Thermotogae; and light
blue, Verrucomicrobia.

as Veillonella (1d), Parabacteroides (1d) and Akkermansia (1f), whose
H, metabolism remains to be investigated (Fig. 1c). Some group A3
[FeFe]-hydrogenase genes were also encoded by hydrogenotrophic
acetogens such as Blautia, where these enzymes oxidize H,, rather
than produceit, in contrast to fermenters®*. Genes encoding the group
3and4[NiFe]-hydrogenases and [Fe]-hydrogenases of methanogenic
archaea were also detected in a subset of samples. Consistently, we
also detected genes encoding the signature enzymes responsible for
fumarate, sulfite, nitrate, and nitrite reduction, acetogenesis, and
methanogenesisin the metagenomes and metatranscriptomes (Fig. 1a
and Supplementary Dataset 1). Although these genes were in low abun-
dance (except those encoding fumarate reductase), they were often
highly transcribed (RNA:DNA ratios of 54 for acetyl-coenzyme A (CoA)
synthase, 37 for dissimilatory sulfite reductase and 4 for respiratory

nitrate reductase) (Supplementary Dataset 1). Phylogenomic analysis
ofthegutisolatesalsorevealed frequent co-occurrence of genes encod-
ing group 1[NiFe]-hydrogenases with respiratory reductases (Fig. 2).
However, it should be noted that the respiratory reductases can accept
electronsfromarange of both organic andinorganic donors other than
H,.Also detected were genes encoding putative sensory hydrogenases
(group C [FeFe]-hydrogenases, 0.11 + 0.15 cpg) (Fig. 1a), which are
thought to differentially regulate [FeFe]-hydrogenasesin response to
H,accumulationin Clostridia and probably other lineages™*’,
Wetested whether these findings also extend to microbiota sam-
pled within gut tissues, given stool samples provide a biased assess-
ment of gut microbial content® ¢, To do so, we collected mucosal
biopsies from the terminal ileum, caecum and rectum of 42 donors,
and thenenriched and sequenced their microbiota®® (Supplementary
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Fig. 2| Phylogenomic tree showing distribution of hydrogenase genes among
812 bacterial isolates from the human gut. Isolates are from the five dominant
phyla within the human gut, with branch colours showing their phylum-level
taxonomy. Isolates were shown to encode the catalytic subunit genes coding for
the major groups of gut hydrogenases and the terminal reductases associated
with methanogenesis, acetogenesis, sulfidogenesis, nitrate reduction or
succinogenesis (coloured rings). The tree was generated using approximately

maximum-likelihood estimation with the Jukes-Cantor model (via FastTree) and
standardized ‘bac120’ phylogenetic analysis (via GTDB-Tk) and was midpoint
rooted. Results are based on homology-based searches against comprehensive
reference databases. Specific isolates were selected for further analysis,
including culture-based activity measurements and transcriptome studies (black
dots). The tree scale represents the branch length of the tree, as calculated by the
number of base substitutions per base position.

Dataset 1). Concordantly, group B [FeFe]-hydrogenases were by
far the most abundant hydrogenase genes detected across these
mucosal biopsy samples (0.75 + 0.25 cpg); they were 3.7-fold more
abundant than the next most abundant hydrogenase genes (group A3
[FeFe]-hydrogenases) and primarily encoded by Bacteroides based on
read mapping (Fig.1). Thegroup1c,1dand4a[NiFe]-hydrogenase genes
were also enriched by 6.1-fold, 2.6-fold and 7.0-fold in the biopsy com-
pared with stool metagenomes; this probably reflects the adherence of
Enterobacteriaceae to the gut luminal walls, where they potentially use
microbiota-derived H, to support anaerobic and potentially even aero-
bicrespiration (Supplementary Dataset 1and Fig.1b,c). Thus, the group
B[FeFe]-hydrogenase probably contributes substantially to fermenta-
tive H, production throughout the intestines, much of which is possibly
recycled by respiratory hydrogenotrophs. No significant differences
in hydrogenase content were found between intestinal regions,

which was probably masked by the high degree of interindividual
variation.

Group B [FeFe]-hydrogenases are expressed and active in
diverse gutisolates

To confirmwhether the group B [FeFe]-hydrogenaseis active, we used
gas chromatography to test H, production of 19 phylogenetically and
physiologically diverse bacterial gutisolates each grown on standard
yeast casitone fatty acids (YCFA) medium under fermentative condi-
tions (Supplementary Table 1and Supplementary Fig.1). Of these iso-
lates, 13 encoded group B [FeFe]-hydrogenase genes, either individually
ortogether with other hydrogenases, all but 1of which produced high
levels of H, (Fig. 3a and Supplementary Fig. 2). This collectionincluded 7
Bacteroidesisolates that each rapidly produced headspace H, to average
maximum levels of 3.0 + 0.6% during fermentative growth, and 4 genera
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Fig. 3| Hydrogenase transcription and activity across 18 bacterial gut
isolates. a, A heat map showing the average transcription levels (expressed as
log,, TPM) of the catalytic subunit genes for hydrogenases and the terminal
reductases associated with sulfidogenesis, succinogenesis, nitrate reduction
and aerobicrespiration. b, A heat map showing the average maximumH,
production for eachisolate (expressed as log,, (ppm +1)). Inboth heat maps,
results show means from biologically independent triplicates. Bifidobacterium
longum and Catenibacterium mitsuokai do not encode hydrogenase genes and

-------- GC lower detection limit

soare used as negative controls. ¢, Bacterial growth measured by OD,, (green
lines) and H, production (% of headspace; pink lines) of representative isolates
from chosen phyla over 24-72 hour periods (n = 3), where the lower detection
threshold of the gas chromatographis1,000 ppm (dashed red line). A. hadrus,
Anaerostipes hadrus; B. dorei, Bacteroides dorei; C. aerofaciens, Collinsella
aerofaciens; C. baratii, Clostridium baratii; D. longicatena, Dorea longicatena;
F.varium, Fusobacterium varium; G. formicilis, Gemmiger formicilis; N. rosorum,
Necropsobacter rosorum; O.umbonata, Olsenella umbonata.

fromthe class Clostridia (Fig. 3b, Supplementary Fig.1and Supplemen-
tary Table 1). We compared these activities with those of six positive
and negative controlisolates (Fig. 3a and Supplementary Fig.1):noH,
was detected in the three isolates lacking hydrogenases; high levels
of H, were produced during fermentative growth of a Fusobacterium
isolate with a prototypical group Al [FeFe]-hydrogenase gene; and H,
was produced during stationary phase in bacteria encoding formate
hydrogenlyases, in line with their confirmed roles*>*°. Altogether, these
analyses show that H, productionis a widespread trait among gut bac-
teria that encode group B [FeFe]-hydrogenase genes.

We performed transcriptome sequencing to confirm whether
the group B [FeFe]-hydrogenase genes are expressed and likely
responsible for the observed activities (Supplementary Dataset 4
and Supplementary Note 1). After 6 hours of fermentative growth, the 7
hydrogenase-encoding Bacteroides species had each produced an aver-
age of 1.51+ 0.6% H, in their headspace (Supplementary Figs.1and 2).
The group B [FeFe]-hydrogenase gene was transcribed at high levels
during growth of each strain, averaging 180 transcripts per million
(TPM) (ranging from 71 + 18 TPM for Bacteroides fragilisto 345 +17 TPM
for Bacteroides plebeius) (Fig. 3a and Supplementary Dataset 4). Four of
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thesesstrains encoded genes for the group B [FeFe]-hydrogenase as their
sole H,-metabolizing enzyme. Three other strains (Bacteroides caccae,
Bacteroides thetaiotaomicron and Bacteroides faecis) also encoded
genes for the electron-confurcating group A3 [FeFe]-hydrogenase
complex, although the transcription of this enzyme was minimal dur-
ing these growth conditions (average of 3.5 TPM) (Fig. 3a and Sup-
plementary Dataset 4). Importantly, we observed no H, production
by Bacteroides stercoris, the only Bacteroides species in our isolate
collection that consistently lacked detection of any hydrogenase genes
(Supplementary Fig. 2). Altogether, these results show that the group
B[FeFel-hydrogenases account for H, production of Bacteroides dur-
ing fermentative growth and are highly conserved, expressed and
active in this genus. Although some Bacteroides species have previ-
ously been shownto produce H, (refs. 70-73), our culture-dependent
studies indicated that fermentative H, production is a key feature of
their physiology. As elaborated in Supplementary Note 1, patterns of
hydrogenase expression and activity varied between species withinthe
class Clostridia; whereas some species appear to primarily dispose of
H, using group B [FeFe]-hydrogenases, fast-growing species (for exam-
ple, Clostridium perfringens) instead appear to be reliant on canonical
rapid-acting group Al [FeFe]-hydrogenases.

We used structural modelling, biochemical measurements and
spectroscopy to confirmthat group B [FeFe]-hydrogenases are active
H,-producing enzymes (Fig. 4). AlphaFold2 modelling (Supplemen-
tary Figs.3 and 4) predicts group B [FeFe]-hydrogenases are structur-
ally conserved among Bacteroides species (Supplementary Fig. 5)
and distinct from canonical group Al [FeFe]-hydrogenases (Fig. 4a).
As elaborated in Supplementary Note 2, they contain two distinct
globular domains: an H-cluster domain (containing the typical cata-
lytic H,-binding H-cluster of [FeFe]-hydrogenases and two [4Fe-4S]
clusters) and an unusual smaller ferredoxin-like domain (containing
two off-pathway [4Fe-4S] clusters) connected through ashort flexible
linker (Fig. 4b). We validated that the Bacteroides [FeFe]-hydrogenases
could bind the catalytic H-cluster and produce H, by heterologously
expressing and semi-synthetically maturing them as previously
described (Supplementary Note 3, Supplementary Table 2 and Fig. 7).
Thegroup B [FeFe]-hydrogenases expressed from three different spe-
cies all produced H, (Fig. 4c), whereas the catalytic subunit of the
group A3 enzyme from B. thetaiotaomicron showed low activity in this
set-up (Fig. 4c and Supplementary Table 2). Despite extensive effort,
we were unable to purify stable or active group B [FeFe]-hydrogenases
due to the low solubility of these enzymes. This has so far prevented
detailed comparisons of their kinetics, electrochemistry or experi-
mental structures compared with group Al [FeFe]-hydrogenases.
Nevertheless, we were able to show through whole-cell X-band elec-
tron paramagnetic resonance (EPR) spectroscopy that the B. fragilis
group B [FeFe]-hydrogenase produced spectroscopic signatures
consistent with a typical H-cluster’™” (Supplementary Fig. 8,
Supplementary Table 3 and Supplementary Note 3). In combination,
the structural predictions and recombinant analysis suggest that
group B [FeFe]-hydrogenases are true hydrogenases that bind the
H-cluster and produce H,, although they differ from other hydroge-
nasesin their redox centres and electron flow pathways.

Bacteroides use group B [FeFe]-hydrogenases to reoxidize
ferredoxin during fermentation

We used the transcriptomes of the seven Bacteroides species
to predict their central carbon metabolism and infer how their
[FeFe]-hydrogenases likely integrate into their physiology (Supple-
mentary Dataset 4). Supporting previous observations, these recon-
structions suggest that all species are mixed-acid fermenters’ "’ that
can break down sugars to pyruvate through the glycolysis pathway,
convert pyruvate to acetate (via PFOR and acetate kinase), and also
reduce oxaloacetate to succinate (via enzymes including fumarate
reductase) and propionate (via the methylmalonyl-CoA pathway).

Consistently, these bacteriaall transcribe the genes for these pathways
atsimilarly high levels during mid-exponential fermentative growth on
richmedia (YCFA) (Fig. 4d). During growth on minimal media (modified
Bacteroides minimal medium (mBMM)®’) supplemented with glucose,
H, production and growth were approximately proportional to glucose
consumptionin B. fragilis (Supplementary Fig. 9), indicating that H, is
animportant end-product of glucose fermentation through these path-
ways. H, was produced concomitantly with millimolar levels of lactate
and isobutyrate (Supplementary Fig. 10). Previous metabolic studies
have revealed that, in the presence of hemin, Bacteroides enhances
growth on glucose by producing the cytochrome-containing respira-
tory fumarate reductases® ., Thus, we examined how fermentation
pathways were affected by the availability of hemin. Consistent with
previous observations®**, metabolism greatly shifted towards more
efficient pathways in the presence of hemin, with succinate, propion-
ate and acetate becoming the dominant end-products, in line with
the induction of fumarate reductase and the succinate-propionate
pathway (Fig.4d, Supplementary Fig.10 and Supplementary Dataset 5).
H, production only modestly decreased (by 19%), indicating H, is still
a particularly important sink when respiratory electron acceptors
are available. During glucose consumption in the presence of hemin
(Fig. 4e), H, accounted for 9.9 + 0.6% of the electrons released dur-
ing fermentation (Supplementary Dataset 5). This suggests that H,
productionis a core part of Bacteroides metabolism, aligned with the
widespread transcription of the group B [FeFe]-hydrogenase under
the hemin-available YCFA media conditions (Fig. 4d).

Thegroup B [FeFe]-hydrogenase potentially reoxidizes the ferre-

doxin reduced by PFOR during acetyl-CoA production and acetate
fermentation, disposing these excess electrons as H,. To confirm this,
we performed a biochemical assay using B. fragilis cell extracts. The
addition ofthe PFOR substrates CoA and pyruvate to the assay mixture
resulted in a 14-fold increase in H, production (774 + 814 parts per
million (ppm) H,) compared with extracts incubated without added
substrates (0.49 + 0.48 ppm H,) (Fig. 4f), suggesting that increased
PFOR activity promotes hydrogenase activity. To test whether this
activity was specifically driven by PFOR, control assays were conducted
in which cell extracts were pre-incubated with the PFOR inhibitor
nitazoxanide (NTZ) before the addition of substrates, resulting in the
termination of H, production. Together, these results suggest that B.
fragilis PFOR activity supplies the reductant for H, production and
stimulates hydrogenase activity. The Rnf complex, which reversibly
couples Na*/H" import to reverse electron transport from NADH to
oxidized ferredoxin, may provide additional reduced ferredoxin for the
hydrogenase®® (Fig. 4d). Other Bacteroides fermentation pathways,
namely, for succinate, propionate and lactate formation, do not directly
compete withH, productionbut candivert electrons from PFORand the
pyruvate formate lyase provides an additional PFOR bypass (Fig. 4d).
Genes for the succinate/propionate branch and PFOR were relatively
consistently transcribed across the strains, whereas pyruvate formate
lyase and a putative lactate dehydrogenase expression varied by as
muchas4.5-fold and 50-fold, respectively (Supplementary Dataset 4).
Thus, lactate may be animportant alternative route of electron disposal
that competes with H, production in Bacteroides species, in line with
the short-chain fatty acid data (Supplementary Fig.10). The group A3
[FeFe]-hydrogenase may contribute to redox homeostasis by coupling
oxidation of reduced ferredoxin and NADH to H, production under
certain conditions (Fig.4d), butits low transcription suggests aminimal
role during fermentative growth.

To further contextualize the importance of the hydrogenases of
Bacteroides, we interrogated previously published differential fitness
datasets that leveraged random barcoded transposon sequencing
of B. thetaiotaomicron mutant libraries exposed to a range of condi-
tions®. In this previous study, transposon mutants were obtained for
both hydrogenases, suggesting that they are not essential for growth.
However, the group B [FeFe] hydrogenase was important for growth of
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Fig. 4| Metabolicintegration, predicted structure and biochemical activity
of the group B [FeFe]-hydrogenases from Bacteroides. a, Structural
superposition of group A [FeFel-hydrogenase (Clostridium pasteurianum Cpl;
X-ray crystallography; PDB:6GM2) and group B [FeFe]-hydrogenase

(B.fragilis; AlphaFold2). Structurally similar regions (root mean square deviation
(RMSD) <2 A) are outlined in black, whereas divergentregions (RMSD >2 A)

are semi-transparent. b, Top-ranked AlphaFold2 model of the B. fragilis group

B [FeFe]-hydrogenase with modelled putative cofactors. The predicted

H-cluster site with coordinating conserved residues is highlighted (green). Four
Fe-S clusters (A1-A4) are predicted to coordinate with conserved cysteines
throughout the protein. ¢, Average H, production (gas chromatography) from
lysates (n = 3) activated with [2Fe]*. Results are shown for the group B [FeFe]-
hydrogenases of B. fragilis, B. vulgatus and B. thetaiotaomicron (pink), and the
group A3 [FeFel-hydrogenase of B. thetaiotaomicron (blue). Activities were
normalized for number of cells used (nmol H,min? 0D, ) and error bars reflect
s.d. from biological triplicates. All enzymes were expressed in E. coli BL21(DE3)
cells. ‘Blank’ represents the same strain but contains an empty vector that was
also added with [2Fe]** (grey). d, Average transcription (TPM) of fermentation-

associated genes, including group B and A3 [FeFe]-hydrogenases, across seven
enteric Bacteroidesisolates, in triplicate. e, Average B. fragilis H, production
(ppm) relative to growth (ODq,) with (pink) and without (blue) hemin (n =3).

f, H, production (log,, ppm) of a B. fragilis cell extract (CE)-only control (light
blue), upon stimulation of the PFOR with CoA, and pyruvate (purple), upon
inhibition of PFOR with NTZ (light pink) and a buffer control (dark blue). Error bars
indicate s.d. (n=3). Ack, acetate kinase; Bc, B. caccae; Bfa, B. faecis; Bfr, B. fragilis;
Bd, B.dorei; Bp, B. plebeius; Bt and B. theta, B. thetaiotaomicron; Bv, B. vulgatus;
FrdAB-CytB, fumarate reductase; FumA, fumarase; MaeB, NADP-dependent
malic enzyme; Mce, metabolite transporter; Mdh, malate dehydrogenase;
MmdABCG, methylmalonyl-CoA decarboxylase; MutAB, methylmalonyl-CoA
mutase; Ndh1/Nuo, NADH:ubiquinone oxidoreductase complex I; Ndh2,

type IINADH dehydrogenase; Nif], pyruvate:flavodoxin oxidoreductase;
NqrABCDEF, Na*-translocating NADH:quinone oxidoreductase; ox, oxidised;
PckA, phosphoenolpyruvate carboxykinase; PfIB, pyruvate formate-lyase; Por,
pyruvate:ferredoxin oxidoreductase; Pta, phosphotransacetylase; Pyk, pyruvate
kinase; red, reduced; RnfABCDEG, ferredoxin:NAD" oxidoreductase; ScpC,
propionyl-CoA/succinate-CoA transferase; SucCD, succinyl-CoA synthetase.
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Fig. 5| Comparison of hydrogenase gene levels in healthy individuals
compared with individuals with Crohn’s disease in a case-control study.
a-g, Sum of counts per genome are shown for genes encoding group B [FeFe]-
hydrogenases (P=0.0023) (a), group Al [FeFe]-hydrogenases (P= 6.6 x 107)
(b), group A3 [FeFe]-hydrogenases (P = 0.04) (c), all [FeFe]-hydrogenase
subgroups (non-significant) (d), group 1d [NiFe]-hydrogenases (P=3.8 x 107°)
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subgroups (g). h, Shown s the ratio of group B to group Al [FeFe]-hydrogenase
genes (P=1.9 x10™"), Statistical significance was assessed using two-sided
Wilcoxon rank-sum tests; *P < 0.05, **P < 0.01, **P < 0.001. Box plots show the
median (centre line), upper and lower quartiles (box limits), 1.5x interquartile
range (whiskers) and individual samples. n = 46 individuals with Crohn’s disease
(CD); n =38 healthy controls. NS, not significant.

B. thetaiotaomicron on fermentable carbon sources, especially glucose
(Supplementary Fig.11). The hydrogenase was also important for adap-
tation on specific nitrogen sources such as L-valine (Supplementary
Fig.11) and fitness under stress conditionsin rich or defined media. The
strongest fitness defect was during treatment with metronidazole, a
broad-spectrum prodrug activated by reduced ferredoxin. This is con-
sistent with the predicted role of the group B [FeFe]-hydrogenase in
reoxidizing reduced ferredoxin, whereas mutantslacking the enzyme will
accumulate inits reduced state and more quickly activate the prodrug.
By contrast, transposon mutantsinterestingly showed increased fitness
whenexposedtosodiumfluoride and fusidicacid. However, thegroup A3
[FeFe] hydrogenase did not show statistically significant fitness defects
under the conditions tested. Altogether, these analyses suggest the group
B[FeFe]-hydrogenase enhances thefitness of Bacteroidesacross arange
of conditions, although the bacterium can adapt to loss of the enzyme.

Group B [FeFe]-hydrogenases are depleted in gastrointestinal
disorders and other diseases

Finally, to investigate the links between hydrogen metabolism with
health and disease, we compared the levels of hydrogenase-associated

genes based on stool metagenomes of 871 healthy individuals and 790
individuals with disease, based on a case-control study of Crohn’s dis-
ease® and reports on1lother chronic disease phenotypes® (Fig. 5). Con-
sistent with the earlier analyses (Fig. 1), group B [FeFe]-hydrogenases
were the most abundant hydrogenase genes overall, although their
levels often varied between individuals (Fig. 5 and Supplementary
Dataset 6). However, their average levels were significantly higher
(P=0.0023) in healthy individuals (0.72 + 0.17 cpg) compared with
those with Crohn’s disease (0.56 + 0.24 cpg). Contrastingly, there were
strong increases in the average levels of the prototypical fermenta-
tive hydrogenase (group Al, 2.8-fold, P=6.6 x 107), formate hydro-
genlyase (group 4a, 5.2-fold, P= 6.8 x107°), and to a lesser extent the
electron-confurcating hydrogenase (group A3, 1.4-fold, P= 0.04) in
individuals with Crohn’s disease. Most notably, the ratio of group B to
group Al [FeFe]-hydrogenase genes shifted by 2.3-fold between the 2
cohorts (P=1.9 x10™). Capacity for H, oxidation also increased, with
a2.6-fold increase in respiratory group 1d [NiFe]-hydrogenase genes
inthose with Crohn’s disease (P=3.8 x107°) (Fig. 5). Although these dif-
ferences may be only correlative, altered H, cycling may contribute to
the Crohn’s disease phenotype through various possible mechanisms.
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For example, intestinal respiratory bacteria (for example, Enterobac-
teriaceae) may benefit from the elevated H, production by the highly
active group Al [FeFe]-hydrogenases, by using this electron donor to
reduce inflammation-derived electronacceptors. Consistently, a previ-
ous study* showed increased H, oxidation contributes to the expansion
of Escherichia coli during gut inflammation in a murine model. There
was also a significant enrichment of group Al genes compared with
group B [FeFe]-hydrogenase genes in several other chronic disease
states, including atherosclerosis, liver cirrhosis, colorectal cancer and
type 2 diabetes (Supplementary Fig. 12). A range of other significant
variations were also observed, including a near absence of group 1d
[NiFe]-hydrogenasesintype 2 diabetes (P=7.8 x 10~°) (Supplementary
Fig.13).Further mechanistic studies are required to better understand
the basis of these differences.

Discussion
By integrating analyses at the enzymatic, cellular and gut ecosys-
tem levels, we provide multifaceted evidence that the group B
[FeFe]-hydrogenase mediates H, production in diverse bacteria and
drives fermentation in the healthy human gut. These observations
also suggest that Bacteroides, a genus previously unrecognized as a
major H, producer, plays a more central role in gut H, cycling than
initially understood and uses a hydrogenase of previously unknown
function. It remains unclear what competitive advantage is conferred
by the group B [FeFe]-hydrogenase compared with the functionally
similar group Al [FeFe]-hydrogenase. Both enzymes are predicted
to be monomeric ferredoxin-dependent H,-producing enzymes with
similar active site structures and biosynthetic pathways. Nevertheless,
the group Benzymeis unique forits ferredoxin-like domain separated
by aflexible linker and also seems to have somewhat lower activity than
its group Al counterparts based on the cellular and whole-cell data.
Detailed side-by-side studies of the protein-proteininteractions, kinet-
ics, electrochemistry and oxygen sensitivity of the purified enzymes
may help disentangle their differences. Nevertheless, itis apparent that
the group B enzyme has been selected in diverse bacterial species to
produce high levels of H,during fermentative growth**. Genes encoding
this hydrogenase are particularly abundant in healthy people and may
beanindicator of H, homeostasis, whereas there is a shift in favour of
group Al [FeFe]-hydrogenasesin disease states such as Crohn’s disease.
This study also provides a holistic perspective on the microor-
ganisms and enzymes responsible for H, cyclinginthe human gut. We
provide anin-depth study of the distribution of gastrointestinal hydro-
genases, surpassing our last bioinformatics survey in this area that was
limited to just 20 metagenomes', and bridge genomic insights with
culture- and enzyme-based validation. We show H, production is an
extremely widespread trait, extending to gut Bacteroidetes, Fusobac-
teria, Actinobacteriaand Proteobacteriain addition to the well-studied
Clostridia of the phylum Firmicutes. Our findings also highlight that
the mediators of the three conventionally described pathways for H,
disposal, namely, methanogenesis, acetogenesis and sulfidogenesis,
are in low abundance but are transcriptionally active in the gut>'*",
Instead, it is nevertheless probable that respiratory bacteria that use
electron acceptors such as fumarate, nitrate and sulfoxides play a
potentially dominant roleingut H,consumption, given the abundance
and transcription of associated hydrogenases and respiratory reduc-
tasesinbothstooland biopsy metagenomes and stool metatranscrip-
tomes. However, activity measurements are required to validate this.
In addition, recent work® has highlighted the potential for numerous
additional organicelectronacceptorsinthe gut, including dietary and
host-derived compounds, that could also be involved in H, oxidation.
Enterobacteriaceae may be particularlyimportant hydrogenotrophs.
Theselineages are especially enriched in certain disease states, such as
Crohn’s disease, where they may support both aerobic and anaerobic
respiration using inflammation-derived electron acceptors. Follow-up
studies should combine metagenomic, biochemical and culture-based

studies to determine which processes and microorganisms dominate
H, oxidation in the human gut. Further studies are also required to
better characterize the roles of some of the moderately abundant but
still functionally characterized hydrogenases identified here, includ-
ingthegroup A2 [FeFe]-hydrogenases, group 4e [NiFe]-hydrogenases
and the sensory hydrogenases. There is also a critical need to better
understand what drives the vast interindividual variation in hydroge-
nase composition and expression between individuals, and how this
relates with gastrointestinal function and disease states. Insummary,
our multifaceted approach uncovers the abundance, diversity and
functional roles of hydrogenases of previously unrecognized impor-
tance inthe human gut during health and disease.

Methods

Mucosal biopsy sampling and metagenomes

Mucosal biopsy metagenome samples were obtained from 102 mucosal
biopsy enrichment metagenomes of 42 paediatric patients receiving
colonoscopies due to non-inflammatory conditions at the Monash
Children’s Hospital, after receiving written consent (Monash Health;
Human Research Ethics Committee (HREC/16/MonH/253) and Monash
University Ethics Committee (Monash Health reference 16367A)). Sam-
ples were obtained from the terminal ileum, caecum and rectum and
transferred to anaerobic conditions within 15 min of collections. Biopsy
metascrapes®® were performed using biopsy samples, serially diluted
to10 ®usingsterile pre-reduced 1x PBS, plated directly onto YCFA agar
and evenly spread using a sterile disposable plate spreader (Interna-
tional Scientific Group). Plates were incubated at 37 °C for 24 h under
anaerobic conditions. Plates showing distinct, well-separated bacterial
colonies were selected for scraping, whereby 600 pl of pre-reduced 1x
PBS was added to the plate surface and bacterial colonies were resus-
pended using asterile spreadingloop (International Scientific Group).
Theresulting bacterial suspension was collected into microcentrifuge
tubes (Eppendorf) and stored at —80 °C until DNA extraction using
the MP Biomedicals FastDNA SPIN Kit for soil and sequenced on the
Illumina NextSeq2000. Resulting data are accessible via the European
Nucleotide Archive (ENA) under accession number PRJEB45397.

Metagenomic and metatranscriptomic analyses

For the stool metagenome and metatranscriptome analyses, raw
paired-end short reads were obtained from an inflammatory bowel
disease microbiota functionality study®, accessed via the ENA under
accession number PRJNA389280. The dataset included 78 paired
metagenomes and metatranscriptomes, along with 222 additional
metagenomes from the faecal samples of 117 patients. The stool
metagenome, stool metatranscriptome and mucosal biopsy metage-
nomes were quality checked using FastQC (v.0.11.7) (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc/)®* and MultiQC
(v.1.0)°°. Adaptor and PhiX sequences and low-quality bases were
trimmed and filtered using BBDuk from the BBTools (v.38.51) suite”.
SortmeRNA (v.4.3.3)°? removed rRNA sequences from metatranscrip-
tomic reads. Resulting cleaned forward reads were screened (blastx)
using DIAMOND v.2.0 (ref. 93) against the HydDB dataset® and a manu-
ally curated in-house database including enzymes associated with
H,-producing and H,-consuming pathways®*. Alignments were filtered
toaminimumlength of 28 amino acids, and then further filtered based
onthe following minimum percentage identity thresholds previously
determined and validated for each protein in the database: 50% for
AcsB, ArsC, AsrA, CcoN, CooS, CoxA, CydA, CyoA, DsrA, FdhA, NapA,
NarG, NiFe (60% for group 4), NifH, NirK, NorB, NosZ, NrfA,RHO, SdhA/
FrdA and Sqr; 60% for FeFe and NuoF; and 70% for AtpA and YgfK. Read
counts were normalized to RPKM, and metagenomes were further
normalized against mean RPKM values estimated from 14 single-copy
ribosomal marker genes to obtain an ‘average gene copy per organ-
ism’ value for each gene. For predicted hydrogenase sequence reads,
the taxonomy of the best hit was retrieved and summarized in RPKM
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to evaluate which taxonomic groups contribute most of these reads.
To understand the relative abundance of microbial taxa detected
throughoutthe stool and biopsy metagenomic samples, the paired-end
sequencing reads were first merged and then taxonomic profiling was
performed using MetaPhlAn4 (v.4.0.6)%. The resulting MetaPhlAn4
output files were processed using the accompanying Python script
(merge_metaphlan_tables.py) to generate relative abundance tables
for downstream analysis of the prevalence and average abundance
of Bacteroides.

Gutisolate genomic analysis

Whole-genome sequences of 818 gut isolates from adult and paedi-
atric faecal and biopsy samples were obtained from the Australian
Microbiome Culture Collection (AusMiCC; https://ausmicc.org.au/)
and a previous study’® describing a collection of gut isolate genomes
(Human Gastrointestinal Bacteria Genome Collection). Genomes are
also accessible viathe ENA under project accessions PRJEB70412 and
PRJEB23845 (with run accession numbers listed in Supplementary
Dataset 2). Genomes were quality checked using CheckM (v.1.1.3)"’
and those with >90% completeness and <5% contamination (n = 812)
wereretained. Protein sequences of the retained genomes were used to
search for andidentify alignments matching the previously mentioned
protein database using the blastp function of DIAMOND (v.2.0.9)%.
Alignment criteria included query and subject coverage thresholds
set at 80%, and further filtering was conducted based on the previ-
ously mentioned percentage identity thresholds for each database
protein. GTDB-Tk (v.1.6.0; database RO6-RS202)*® was used to assign a
taxonomic classificationto eachisolate using the ‘classify_wf” option,
and aphylogenetic tree was constructed with the ‘de_novo_wf” option.
The tree was visualized, midpoint-rooted, and the copy number per
isolate genome of relevant hydrogen-related metabolic genes and
hydrogenase subgroups was overlaid using the Interactive Tree of Life
(iTOL)*’ to observe differences in hydrogen metabolism across the
different phylogenetic groups.

Bacterial growth analyses

All isolates used in this study, sourced from healthy human faecal
samples, were obtained from AusMiCC®°, Nineteen isolates were
selected to compare the expression and activity of the group B
[FeFel-hydrogenases with other H,-producing bacteria across taxo-
nomically diverse gut bacteria, including three controlisolates lacking
hydrogenases and three positive controls encoding well-characterized
H,-producing hydrogenases**'°°, Supplementary Table1lists the strains
and their hydrogenase content. Allisolates were accessed from glycerol
stocks containing YCFA broth media'” with 25% glycerol, stored at
-80 °C, and revived in pre-reduced YCFA broth. Incubation was car-
ried out anaerobically at 37 °C in an atmosphere of 10% H,, 10% CO,,
80% N, for 24 h.Solid media, when required, were supplemented with
0.8% w/v of bacterial agar. Growth assessment involved measuring the
optical density at awavelength of 600 nm (ODy,) of eachisolate over
24 hwhile anaerobically cultured in YCFA broth at 37 °C.Eachisolate, in
duplicate, was subculturedintoa200 pl 96-well plate, with a1:100 dilu-
tion of culture to broth. An hourly assessment of OD,,, was conducted
using aFLUOstar Omega Microplate Reader, with readings taken under
anaerobic conditions, and shaking before each measurement.

Hydrogen production assays

For the H, production assay, isolates were plated on pre-reduced YCFA
agar plates and grown anaerobically at 37 °C for 24 h. Single colonies
were used toinoculate 3 ml of pre-reduced YCFA brothina15 mlFalcon
tubes, whichwereincubated anaerobically at 37 °C for 24 h. Afterincu-
bation, each separate starter culture was used to inoculate triplicate
30 mlaliquots of YCFA broth to astarting OD,, of 0.025. Cultures were
maintained in 120 ml glass serum vials sealed with laboratory-grade
butylrubber stoppers.Immediately after inoculation, the headspace of

each culture vial was flushed for 10 min with 99.99% pure N, to remove
residual H, and ensure that production of H, was thermodynamically
favourable and entirely biotic in origin. Gas chromatography was used
to assess the H, production capabilities of each isolate over time. To
establish a baseline H, concentration for each isolate (in triplicate), a
gas-tight syringe was used to collectinitial headspace gas samples from
each culture immediately after N, flushing. Headspace gas samples
were then collected at predetermined time points based on growth
curve data and until increases in H, concentration were no longer
detected. H, concentration was measured using agas chromatograph
containing a pulsed discharge helium ionization detector (model
TGA-6791-W-4U-2; Valco Instruments Company) that uses injection,
backflushing, sample selection valves and column-associated sample
separation (HayeSep Db at 55 °C, following pre-column separation
using a5 Amolecular sieve at 140 °C)'°2. H, concentrations were regu-
larly calibrated against ultra-pure H, standards. This gas chromato-
graph was able to detect a wide range of H, concentrations (0.1-10%
H,), although sample dilution of 2.5x was necessary to measure the H,
produced by theisolates within the quantifiable range. Calibration sam-
ples ofknown H, concentration were used to quantify H,in ppm. The H,
concentration within the media-only control vials was measured con-
currently to confirmthat H, production in isolate samples was biotic.

Glucose consumption assays

B. fragilis isolate CC01400 (AusMiCC) was accessed from glycerol
stocks containing YCFA broth media with 25% glycerol, stored at—80 °C
andrevived onapre-reduced YCFA plate. Single colonies were used to
inoculate 3 mlof pre-reduced YCFA brothin15 ml Falcon tubes, which
were incubated anaerobically at 37 °C for 24 h. After incubation, each
separate starter culture was used toinoculate triplicate 30 ml aliquots
of mBMM® broth to astarting OD,, 0f 0.025. Cultures were maintained
in 120 ml glass serum vials sealed with laboratory-grade butyl rubber
stoppers. Immediately after inoculation, the headspace of each culture
vial was flushed for 10 min with 99.99% pure N,. When solid mediawere
required, mBMM was supplemented with 2.5 mg ml™ glucose and 0.8%
w/v agar. To evaluate the effect of glucose concentration on growth
and H, production, mBMM supplemented with 0 mg ml™, 2.5 mg ml™*
or 5 mg ml™ glucose was used. Growth was monitored by measuring
ODgyo0ver 30 h,and 2 ml headspace gas samples were taken in parallel
using gas-tight syringes and stored in 3 ml Exetainers (2.5x dilution).
Glucose levelsin culture supernatant were quantified using the Invitro-
gen Glucose Colorimetric Detection Kit (catalogue number EIAGLUC).
To remain within the assay’s detection range (0.5-32 mg 100 ml™),
samples from the 5 mg ml™ glucose condition at <6 h were diluted
25-fold, and those at 24 h were diluted 12.5-fold. Samples from the
2.5 mg ml™ condition at <6 h were also diluted 12.5-fold. Absorbance
at 560 nm was measured usinga FLUOstar Omega Microplate Reader.
Gas samples were measured using a gas chromatograph containing a
pulsed discharge heliumionization detector (model TGA-6791-W-4U-2;
Valco Instruments Company). To evaluate the effect of hemin addi-
tion, mBMM broth was supplemented with 2.5 mg ml™ glucose, with
orwithout the addition of 5 ug mI™ hemin. Growth and H, production
were assessed over time by taking samples of culture and headspace
gas and monitoring OD,, spectroscopically and H, concentrations via
the gas chromatograph. In addition, glucose consumption was also
quantified as mentioned earlier.

Volatile fatty acid analysis

Triplicate cultures were collected during stationary phase (with-hemin
condition, average OD,, of 0.3; without-hemin condition, aver-
age OD,, of 0.5). Culture (30 ml) was pelleted via centrifugation
(4,500g, 15 min at 4 °C) and the resulting supernatant was filtered
with a 0.2 pm Acrodisc syringe filter (Pall Life Sciences) and col-
lected into 4 mlfurnaced borosilicate glass vials with Teflon-lined lids
(Sigma-Aldrich). Samples were stored at —20 °C and thawed before
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analysis. Recrystallized 2-nitrophenyl hydrazine (NPH; Sigma-Aldrich)
was used to prepare a 0.1 M NPH solution by dissolving in 0.25 M HCI.
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
(EDC; Sigma-Aldrich) was used to prepare a 0.3 M solution by dissolving
in Milli-Qwater. Equal volumes of redistilled pyridine (Sigma-Aldrich)
and concentrated HCl were mixed to prepare a pyridine buffer. Stand-
ardsand samples were treated as follows to obtainthe NPH derivatives
ofthevolatile fatty acids: to each 2 mlsample, 200 pl of pyridine buffer
wasadded andbubbled for 4 mintoremove any CO,. Then200 pleach
of NPHand EDC was added, mixed and incubated for 1.5 hatroom tem-
perature. Following that, 200 pl of 40% (w/v) KOH was added to each
sample, and samples were mixed and incubated at 70 °C for 10 min
(ref. 103). Samples were left to cool down and settle overnight
before analysis. Treated standards and samples were analysed via
reversed-phase high-performance liquid chromatography using an
Agilent SB-C8 preconcentrator and guard column (4.6 mm x 12.5 mm)
and analytical column (4.6 mm x 250 mm). Volatile fatty acid concen-
trations were determined by comparing retention times and peak areas
with treated standards, and then normalizing the concentration to
growth for eachreplicate.

RNA extraction

Transcriptomic analysis was performed for all isolates (except B. ster-
coris) to verify the active transcription of hydrogenase genes identi-
fied within the genome. Isolates were accessed from glycerol stocks
containing YCFA broth media with25% glycerol, stored at -80 °C, and
revived on a pre-reduced YCFA plate. Single colonies were used to
inoculate 3 ml of pre-reduced YCFA broth in 15 ml Falcon tubes, which
were incubated anaerobically at 37 °C for 24 h. After incubation, each
separate starter culture was used to inoculate triplicate 30 ml aliquots
of YCFA broth to a starting OD, of 0.025. Cultures were maintained
in 120 ml glass serum vials sealed with laboratory-grade butyl rub-
ber stoppers. Immediately after inoculation, the headspace of each
culture vial was flushed for 10 min with 99.99% pure N,. Cells were
collected for RNA extraction during active H, production at either
exponential phase (isolates with a group A or B [FeFe]-hydrogenase)
or stationary phase (isolates with a group 4a [NiFe]-hydrogenase), as
indicated by previously conducted growth curves. To quench cells, a
glycerol-saline solution (3:2 v/v, —20 °C) was added before centrifu-
gation (4,500g, 30 min at -9 °C). The cell pellet was resuspended in
1 ml of an additional glycerol-saline solution (1:1 v/v at -20 °C) and
centrifuged again (4,500g, 30 min at -9 °C). Cell pellets were then
resuspended in 1 ml TRIzol reagent, transferred to a tube containing
0.3 gof 0.1 mmzirconbeads, and subjected to 5 cycles of bead-beating
(30 spercycle,5,000 rpm, resting onice for 30 sbetween cycles) using
aBertin Technologies Precellys 24 bead-beater before centrifugation
(12,000g, 10 min at 4 °C). The supernatant was transferred to a new
tube and 200 pl of chloroform was added, inverted to mix for 15,
andthenincubated at room temperature for 2-3 min before centrifu-
gation (10,000g, 15 min at 4 °C) for phase separation. The aqueous
phase underwent purification using the RNeasy Mini Kit following the
manufacturer’sinstructions (Qiagen), with on-column DNA digestion
using the RNase-free DNase Kit (RNeasy Mini Handbook; Qiagen).
RNA was eluted into RNase-free water, and the concentration for each
sample was determined using the RNA HS Qubit Assay Kit according
to manufacturer’sinstruction (Thermo Fisher Scientific).

Transcriptome sequencing

The Monash Health Translation Precinct Medical Genomics Facility
prepared libraries using the Illumina Stranded Total RNA prep with
Ribo-Zero plus Microbiome kit. A total of 200 ng of RNA underwent
16 cycles of amplification. Final libraries were quantified by Qubit,
combined into an equimolar pool, and quality checked by Qubit, Bio-
analyzer and quantitative PCR. For sequencing,1,000 pMof the library
pool was clustered on a P2 NextSeq2000 run and 59 bp sequencing

was performed. The total run yield was 66.56 Gb, with approximately
496.7 million reads passing the filter, achieving 92.57% of bases with
aPhred quality score of at least 30 (%Q30). Transcriptomic data were
quality checked and pre-processed using FastQC (v.0.11.7)%°, Mul-
tiQC (v.1.0)°° and BBDuk from the BBTools suite (v.38.51)*". Successful
ribodepletion was confirmed by SortMeRNA (v.4.3.3)”*. Eachisolate’s
genome was annotated using Prokka (v.1.14.6)'°*, and transcription was
quantified by mapping the transcripts to these annotated genomic
features using Salmon (v.1.9.0)'® with default settings (salmon quant).
Gene transcription was quantified as relative abundance in TPM. To
identify transcripts matching previously identified hydrogenase hits,
Prokka-generated annotated protein sequence files were validated
with DIAMOND alignment as described earlier. Transcript identifiers
were used to match the hydrogenase hits for each isolate to the cor-
responding TPM values for evaluation of hydrogenase transcription.
For metabolic pathway analysis, DRAM (v.1.4.6)'°° was used to annotate
eachtranscriptome with the KEGG protein database'”. Transcripts are
available viathe ENA under project accession number PRJEB70412, with
runaccession numbers listed in Supplementary Dataset 4.

PFOR and hydrogenase assay in cell extracts

Allsteps were performed under anaerobic conditions (100% N,) unless
otherwise specified. To determine if the group B [FeFe]-hydrogenase
activity is coupled to the PFOR, B. fragilis cells (50 ml culture, n=3,
late exponential phase) were collected by centrifugation at 4,500g
for30 min at4 °C. The cell pellets were resuspended in 50 mM Tris, pH
7.0,and 200 mM NadCl, re-pelleted by centrifugation, frozen in liquid
N, and stored at —80 °C until further use. The cell pellets were thawed
andresuspendedin10 ml50 mMHEPES pH 7.5, with2 mM MgCl,,2 mM
dithiothreitol (DTT) and 0.1 mg mI” DNase. The cells were lysed using
aConstant Systems cell disruptor (2x at 40,000 psi) and the lysate was
centrifuged at12,000g for 45 min at4 °C. The supernatant was passed
through a 0.2 um filter and the protein concentration was estimated
using the Bradford assay, yielding 4.73 mg ml™ proteininatotal of 11 ml
lysate. The activity assays were performed twice in triplicates under an
N, atmosphere in10 mlserumvials, sealed with butyl rubber stoppers
and aluminium crimps. The assay mixture contained 10 ml anaerobic
50 mMHEPES pH 7.5, with2 mMMgCl,and2 mMDTT. The reaction was
started by the addition of 0.131 mg cell extract, followed by incubation
at37°Cfor24 hinthe dark. Tostimulate PFOR activity and generation
of reduced ferredoxin, sodium pyruvate (10 mM final concentration)
and CoA sodium salt hydrate (0.2 mM final concentration) were added
before the addition of cell extract. To test whether the observed H,
productionupon pyruvate and CoA addition was dependent on PFOR
activity, reactions were also performed in the presence of the PFOR
inhibitor NTZ. For inhibition, 1 ml of cell extract was pre-incubated
with 100 pM NTZ for 5 min before addition to the reaction mixture
containing pyruvate and CoA. Hydrogenase activity was assessed by
quantifying H, productioninthe vial headspace using gas chromatogra-
phy (model TGA-6791-W-4U-2; Valco Instruments Company) equipped
with a pulsed discharge heliumionization detector.

AlphaFold2 structural modelling

Protein structure predictions from Bacteroides group B [FeFe]-
hydrogenase sequences were generated using AlphaFold2 (v.2.1.1)'%%'%°
through the ColabFold (v.1.5.2)"° notebook. The specified ColabFold
parameters were as follows: num_relax (1), template_mode (none),
msa_mode (mmseqs2_uniref _env), pair_mode (unpaired_paired),
model_type (alphafold2_ptm) and pairing_strategy (greedy). For the
B.fragilis group B [FeFe]-hydrogenase model (BfHydM), num_recycles
was set to 48, whereas B. thetaiotaomicron and Bacteroides vulga-
tus num_recycles were set to 3. For the B. thetaiotaomicron group A3
[FeFe]-hydrogenase model (BtHydABC), num_recycles was set to 48.
To model cofactors into the predicted BfHydM and BtHydABC apo
structures, the Foldseek™ web server was used to search the PDB100
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database for experimental structures with similar folds to BfHydM
and BtHydABC. The following Foldseek parameters were used: data-
bases (PDB1002201222), mode (3Di/AA) and taxonomic filter (none).
For BfHydM, two experimental structures returned by Foldseek, PDB
S8ALN"™ and 1IFCA™, showed highstructural similarity to the input, while
also containing iron-sulfur clusters and an H-cluster (Supplementary
Fig.4).Similarly, for BtHydABC, three experimental structures returned
by Foldseek were used for cofactor modelling, PDB 8ASE®*, IFEH*° and
1FCA™ (Supplementary Fig. 6). UCSF ChimeraX (v.1.6.1)"* was used
to align these experimental structures to the predicted BfHydM and
BtHydABC models with the matchmaker command (Needleman-Wun-
schalgorithmsetting). Cofactors were added in positions correspond-
ingtothose of the experimental structures, asshownin Supplementary
Figs.3and 6. At sites where the AlphaFold2 model and the experimental
structures differed, cofactors were manually positioned and adjusted
to optimize coordination and to minimize clashes, and bond lengths
were assessed to ensure they were biochemically valid.

Protein expression and preparation

Chemicals used for protein production and characterization were pur-
chased from VWR and used as received unless otherwise stated. Genes
encoding the group B [FeFe]-hydrogenases of B. fragilis, B. vulgatus,
and B. thetaiotaomicron and the group A3 [FeFe]-hydrogenase of B.
thetaiotaomicron (Supplementary Table 2) were cloned into pET-11a(+)
by Genscript, using restriction sites Ndel and BamHI following codon
optimization for expression in E. coli. Chemically competent E. coli
BL21(DE3) cells were transformed using the constructs to express
the apo forms of the hydrogenases lacking the di-iron subsite of the
H-cluster. Triplicate starter cultures were grown overnightin 5 ml LB
medium containing 100 pg ml™ampicillin at 37 °C. These cultures were
subsequently used toinoculate triplicate 80 ml aliquots of M9 medium
(22 mM Na,HPO,, 22 mM KH,PO,, 85 mM NaCl, 18 mM NH,CI, 0.2 mM
MgS0,, 0.1 mM CacCl,, 0.4% (v/v) glucose) containing 100 pg ml™ ampi-
cillin. Cultures were grown at 37 °C and 150 rpm until reaching an
0D, of approximately 0.4 to 0.6. Protein expression was induced by
the addition of 0.1 mM FeSO, and 1 mM IPTG. Induced cultures were
incubated at 20 °C and 150 rpm for approximately 16 h. Cells were
thereafter collected by centrifugation at 4,930g for 10 mins at 4 °C.
All subsequent operations were carried out under anaerobic condi-
tions to prevent hydrogenase inactivation by atmospheric oxygen
in an MBRAUN glovebox (O, concentration < 5 ppm). The cell pellets
wereresuspendedina 0.5 mllysis buffer (30 mM Tris-HCIpH8.0,0.2%
(v/v) Triton X-100, 0.6 mg mllysozyme, 0.1 mg mI” DNase, 0.1 mg ml™
RNase). Cell lysis involved 3 cycles of freezing and thawing in liquid
N,, and the supernatant was recovered by centrifugation (29,080g,
10 mins at4 °C).

H, production assays of activated hydrogenases

The H, production assays followed established protocols with
minor modifications'. In short, the [2Fe], subsite mimic,
(Et,N),[Fe,(n-SCH,NHCH,S)(C0),(CN),] ([2Fe]**), was synthesized
inaccordance with previous protocols with minor modifications and
verified by Fourier transforminfrared spectroscopy”®'”. Incorporation
of cofactor involved the addition of 100 pg of the [2Fe]*® subsite mimic
(final concentration 80 pM) to 380 pl of the supernatant in potassium
phosphate buffer (100 mM, pH 6.8) and 1% (v/v) Triton X-100. The
reaction mixture was anaerobically incubated at 20 °C for 1-4 hin
a sealed vial. The non-purified lysate containing the [2Fe]*® subsite
mimic was mixed with 200 pl of potassium phosphate buffer (100 mM,
pH 6.8) with 10 mM methyl viologen and 20 mM sodium dithionite.
Reactions were incubated at 37 °C for up to 120 min. H, production
was determined by analysing the reaction headspace after 15 min
using a PerkinElmer Clarus 500 gas chromatograph equipped with
athermal conductivity detector and a stainless-steel column packed
with molecular sieve (60/80 mesh). The operational temperatures of

the injection port, oven and detector were 100 °C, 80 °C and 100 °C,
respectively. Argon was used as carrier gas at a flow rate of 35 ml min™.
The strain expressing the prototypical group Al [FeFe]-hydrogenase
(Chlamydomonas reinhardtii, CrHydA1)"*"? served as a positive con-
trol, while ‘blank’ denoted the same strain but one containing an empty
vector that was also added with [2Fe]*®. Three biological replicates
wererun at varying times (1-4 h) of incubating the cell lysates with the
[2Fe]** subsite mimic. Incubation time was not found to influence the
observed H, production. Thus, variation in H-cluster formation rates
did not appear to have a substantial influence on the outcome of the
screening process.

Whole-cell EPR spectroscopy

Samples for whole-cell EPR spectroscopy were prepared following
a previously published protocol with minor modifications™. The
cell pellet from 80 ml cultures (see ‘Protein expression and prepara-
tion’) was resuspended in 1 ml M9 medium, flushed with N, gas for
10 min and mixed with a [2Fe],, subsite mimic that lacks the natural
nitrogen bridgehead of [2Fe]** to propane-1,3-dithiolate ([2Fe]"%,
(Et,N),[Fe,(n-SCH,CHCH,S)(CO),(CN),]). This alternative mimic was
synthesized according to previous protocols with minor modifica-
tions and verified by Fourier transform infrared spectroscopy'*?.,
The dense cell suspension was centrifuged and the cell pellet was
washed with 1 ml Tris-HCl buffer (100 mM Tris, 150 mM NaCl, pH 8.0)
3xunder anaerobic conditions. The cells were then resuspended with
200 pl Tris buffer, pH 8.0, and transferred into EPR tubes. The tubes
were capped and promptly frozen in liquid N,. Measurements were
performed on a Bruker ELEXYS E500 spectrometer using an ER049X
SuperX microwave bridge in a Bruker SHQ0601 cavity equipped with
an Oxford Instruments continuous flow cryostat and using anITC 503
temperature controller (Oxford Instruments).

Metagenomic analyses across health status

To assess the distribution of hydrogenases across health status, we
used a previously curated and quality controlled dataset containing
1,661 metagenomes from 33 studies®. The dataset encompassed 871
healthy and 790 individuals with disease, including 11 chronic disease
phenotypes. Quality control was performed with TrimGalore v.0.6.6
(ref. 122) using a threshold of 80 bp for read length and minimum
Phred score of 25. Host sequence reads were removed by mapping the
sequence reads to the humangenome withbowtiev.2.3.552 (ref.123). To
minimize theimpact of sequence depth, samples were rarefied to15M
readswithseqtkv.1.3 (ref.124), as previously described™. Forward reads
were mapped to the HydDB dataset® and amanually curated in-house
database including enzymes associated with H,-producing and
H,-consuming pathways’* with DIAMOND v.2.0 (ref. 93). Alignments
were filtered toa minimum length of 26 amino acids, subject toidentity
threshold filtering, normalized to RPKM, and then again against mean
RPKM values estimated from 14 single-copy ribosomal marker genes
to obtainan average gene copy per organism value for each gene. The
largest case-control inflammatory bowel disease-related study within
this dataset® was selected to investigate the distribution of hydroge-
nase subgroups between healthy and disease-associated microbiota,
which included 46 patients with Crohn’s disease and 38 healthy con-
trols. Statistical significance was assessed with two-sided Wilcoxon
rank-sum tests, using the Holm-Bonferroni method to account for
multiple comparisons across disease states.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The new metagenomes, genomes and transcriptomes analysed in
this study have been uploaded to ENA under accession numbers

Nature Microbiology | Volume 10 | November 2025 | 2686-2701

2697


http://www.nature.com/naturemicrobiology

Article

https://doi.org/10.1038/s41564-025-02154-w

PRJEB45397 (biopsy metagenomes) and PRJEB70412 (isolate genomes
and transcriptomes). Source data are provided in Excel tables for
eachfigure.
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system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.




Materials & experimental systems

Methods

Involved in the study

Antibodies
Eukaryotic cell lines

Palaeontology and archaeology

n/a | Involved in the study

IZ |:| ChlP-seq
IZ |:| Flow cytometry

|z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
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Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
wus upplied:

Authentication Deseribe-any-atthentication-procedures for-eachseed-stock tised-or-novel-genotype-generated—Describe-any-experimentstised-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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